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ABSTRACT

Crystals are the heart of the development of advance technology. Their existence
is the essential foundation in the electronic field and without it there would be little to no
progress in a variety of industries including the military, medical, and technology fields.
The discovery of a variety of new materials with unique properties has contributed
significantly to the rapidly advancing solid state laser field. Progress in the crystal growth
methods has allowed the growth of crystals once plagued by difficulties as well as the
growth of materials that generate coherent light in spectral regions where efficient laser
sources are unavailable. The collaborative progress warrants the growth of new materials
for new applications in the deep UV region.
This work involves the use of hydrothermal crystal growth for exploring the
descriptive chemistry of various metal borate systems in which several new structures
were isolated. Conventional melt-based crystal growth methods can be problematic in
synthesizing metal borates due to incongruent melting as well as the typical viscous
nature of the borate flux melts. This can lead to glassy products making it difficult to
grow optical quality metal borate single crystals. Due to these difficulties, other synthetic
methods such as hydrothermal crystal growth for these types of materials are explored.
The motivation for the exploratory research of this system derives from the commercially
important β-BaB2O4 and LiB3O5. Both materials have excellent properties however;
generation of coherent light below 225 nm is inefficient due to low transmittance in the
deep UV region. Similarly, several other known metal borates have good optical
properties but they all have limitations. For example, beryllium containing borate
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KBe2BO3F2 (KBBF) have been of interest in the recent years because it generates
coherent light in the deep UV region; however, a problem exists with the layered
structure preventing high quality crystals from forming. Hydrothermal technique has
proven to be an attractive alternative crystal growth method, especially with the growth
of good quality KBBF crystals.
This dissertation explores the descriptive crystal chemistry of hydrated alkali and
alkaline earth borate systems in an attempt to grow β−BaB2O4 or similar analogs. In an
effort to improve the thermal properties of hydrated borates, this work was also extended
to systematically introduce more stable anions and oxyanions into the borate lattice.
Furthermore, preliminary photoluminescence of europium doped borate and borosilicate
structures give information about their optical properties and potential applications. The
work with europium led to a new rich class of europium silicates and borosilicates in
which several new structures were uncovered. The formation of these new materials
demonstrates the versatility of the crystal chemistry of metal borates under hydrothermal
conditions.
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CHAPTER ONE
INTRODUCTION

Historical Review of Crystals
Scientific applications of crystals are essential components of the most
spectacular breakthroughs in today’s technology in electronics as well as in medicine and
pharmacology.1 Crystal growth is an interdisciplinary area covering physics, chemistry,
material science, geology and engineering where various communities of scientists and
engineers collaborate to fully understand the structure and property relationship. The
engineers may work to optimize synthetic routes to produce large good quality crystals.
The geologists study nature’s ability to design crystalline structures whose properties are
often superior to those of similar synthetic materials. Successful single crystal growth of
any compound depends heavily on understanding the phase equilibria of any given
system and their crystallization boundaries.
The fascination with crystals goes above and beyond their physical beauty. The
strong influence of crystals in the present day technology field is evident from the
research developments over the years. Although technological advancements did not
begin with quartz crystals, it was the first to make a significant impact starting in late
19th century France as scientific curiosity to making its way to America in the early 20th
century for military communication systems during WWII.2-4 Quartz is a piezoelectric
mineral found in abundance in the Earth’s crust. Piezoelectricity is the property of many
natural materials, by which an applied mechanical pressure yields an electric potential.
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Among all naturally-occurring piezoelectric crystals, quartz crystal exhibits: structural
rigidity, chemical stability and a strong piezoelectric response.2 These characteristics
have resulted in quartz crystal devices such as broadcast and two-way radio, telephone
communication, SONAR, ultrasonic systems, watches, and computing.2-4 Due to the
large amounts of impurities in natural quartz, hydrothermally grown α−quartz was
developed and is still the most widely used piezoelectric material in today’s exploding
wireless market.2
Synthetic quartz began the golden age of the discovery and development of new
materials such as gallium arsenide (GaAs), sapphire (Al2O3), ruby (Cr:Al2O3) and yttrium
aluminum garnet (YAG), all applicable in the solid state laser field.5 Single crystals have
become an integral part of our society over the last century and continued research will
help move the capabilities of technology to new heights in the years to come.

Traditional Crystal Growth Methods
Solid state crystals can be grown using several different techniques ranging from
solid, vapor transport, solution to melt based methods. Crystal growth from melt based
techniques is most commonly used in industry for the production of bulk crystals. For the
sake of this discussion, Czochralski, flux and top seeded solution growth (TSSG)
methods will be considered. Single crystals form from the melt only if the starting
materials melt congruently, that is without decomposition and phase transformation
between the melting point and room temperature.
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The Czochralski method involves pulling large single crystals from a melt and can
be done on an industrial scale. The equipment setup consists of a crucible of molten
charge materials, a furnace and a pulling rod positioned axially above the crucible.6,
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The growth process begins by melting the stoichiometric mixture of the charge material.
A small seed crystal attached to the end of the pulling rod is then lowered until it is in
contact (on the surface) of the melt whose temperature is maintained slightly above its
melting point. As the seed is gradually being rotated slowly out of the melt, the molten
material will solidify on the seed crystallizing with the same orientation as the seed. The
rotation of counter−clockwise during the pulling helps maintain a constant temperature
and melt uniformity.7 Boules of Czochralski grown crystals can range in size up to 150
mm in diameter by 250 mm in length with typical growth rates over 100 mm/day.8
Successful pulling includes congruently melting of the material and good control over the
pulling rate and thermal gradients where the single crystals can be formed. If the crystal
material melts incongruently, it dissociates into two or more phases after melting, and
growth becomes impossible. Control results from the seed and grown crystal are visible
during growth, and the crystal grower can observe the growth process to adjust any
parameters to achieve a perfect crystal.
Disadvantages of Czochralski include incongruent melting, the need for a seed
crystal of the same composition, high melting points, large temperature gradient and the
price of replacing the crucibles.9,

10

Most oxide single crystals such as borates are

difficult to grow using Czochralski because of the viscous nature of the melt, preventing
good quality crystals from forming. The large temperature gradient at the melt and crystal
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interface can cause defects during crystal growth which is subjected to high stress and
crystal cracking upon cooling.11 The crucibles are typically made out of inert metals like
platinum, iridium, or rhodium that can withstand the volatilization of oxide melts;
however, they have a relatively short useable life and high cost of replacing or remaking
the crucibles.12

These issues limit Czochralski as an effective tool for exploratory

research of metal borates.
The flux method can be defined as crystal growth from a molten solvent at high
temperatures. The solvent is referred to as the flux because it allows the reaction to be
carried out at temperatures below the melting point of the solute phase.6 Growth at lower
temperatures produces a material with fewer defects and less thermal strain than
Czochralski. An advantage of the flux method is the wide range of suitable compounds
that can be grown, but the solubility of the solute at high temperatures remains an
important step in this technique.13 Crystal growth occurs by slow cooling (1°C/hr) the
mixture resulting in precipitation from the molten solvent.14 The excess flux is then
washed using hot water and the remaining product is the grown crystals.
This method usually produces good quality crystals yet it also has several
drawbacks. There is always an issue with the presence of mixed phases when using
multi−component melts, the presence of ions of the flux impurities in the crystals and
problems in removing the flux agent. Problems can also exist if the flux has a high
viscosity, high melting point or high volatility at high temperatures.13 For example,
borate melts tend to be very viscous and often do not permit all the components of the
melt to diffuse evenly throughout the melt, leading to poor growth. Also, large amounts
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of borate present in the flux results in the formation of glasses, rather than crystals, upon
cooling. Compared to the Czochralski method, the growth rates of the flux method is
much slower providing better quality crystals.
The top seeded solution growth (TSSG) method is a hybrid between Czochralski
and flux techniques. Crystals can be grown from a stoichiometric or nonstoichiometric
solution by slowly pulling a seed crystal out of the flux. This method is good for growing
crystals which are limited by incongruent melting or has a melting point too high to grow
from original composition. Although TSSG occurs at similar temperatures to flux growth,
the elimination of the crucible reduces impurities of the crystal from elements in the
crucible. The key issues for growing single crystal by TSSG are similar to flux and
Czochralski in that crystal quality depends on the temperature gradient at the crystal and
melt interface. Many laser crystals, such as β−BaB2O4 (BBO), LiB3O5 (LBO) and
CsLiB6O10 (CLBO) are grown using this method.15-18
Crystal growth from Czochralski, flux and top seeded solution growth belong to
the melt based high temperature growth technique. These methods produce relatively
poor quality crystals for borates, which is the focus of discussion in this work. As a
result, an alternative technique, hydrothermal synthesis, where most of the melt based
growth problems have easily been overcome is utilized.

Development of Hydrothermal Crystal Growth Techniques
Hydrothermal synthesis is from an aqueous solution under supercritical conditions
in a closed system.19 Crystal growth is at a relatively lower temperature compared to
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traditional high temperature methods previously discussed and occurs above the boiling
point and critical point of water (100−374 °C and 0.1−22 MPa) shown in Figure 1.1.19
Supercritical water has characteristics of both liquid and highly compressed gas which
improves the dissolving and diffusion properties.19,

20

Small changes in pressure and

temperature can affect viscosity, solvation, dielectric and diffusion properties, thus
greatly influencing the kinetics of the chemical reaction in water. Mineralizer solutions
such as fluorides, chlorides, hydroxides, and carbonates, are needed to help increase the
solubility of the starting material in cases where the low dielectic constant of water
causes a low solubility of compounds even at supercritical temperatures.19, 20

Figure 1.1: The phase diagram of water.21
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Understanding the mechanism of hydrothermal reactions is the foundation for
crystal growers’ to synthesize and explore of new materials with desired properties.
Crystal growth occurs when the nutrient rich solvent in the hot zone of the autoclave
becomes supersaturated and is carried upwardly by convection to the cooler region of the
autoclave where supersaturation occurs and crystallization begins. The cooled solvent
then drops back down to the hot dissolving zone where it reheats, dissolves more of the
nutrients and flows upward again repeating the hydrothermal cycle until the nutrient
supply is exhausted. The nutrients can be deposited onto a seed crystal or as spontaneous
nucleation. The crystal growth process can take days to months depending on the
preferred size.
The interest in hydrothermal crystal growth stems from its advantages in terms of
relative lower crystallization temperature and slower growth rates, controllable reaction
conditions and formation of high optical quality metastable and unique phases not easily
attainable by traditional methods. The lower temperature and slower growth rates
promote less thermal strain and, as such, they are likely to grow good quality crystals
with lower defect density which compensates for the longer growth periods. During
traditional growth methods, diffusion problems are the root of many of the quality issues
because of the high viscosity and high solubility of the flux solutions. Slow diffusion has
little effect in hydrothermal synthesis because the viscosity of supercritical fluids is about
two orders of magnitude lower than alternative melt based methods preventing
inclusions.19, 20 The limitation of the traditional high temperature route is the ability to
synthesize only the thermodynamically stable phases. Several controllable reaction
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parameters such as the temperature, pressure, length of reaction, mineralizer solution,
stoichiometry of reactants and the rate of cooling provide the crystal grower different
ways to optimize the crystal system which is important for the design and synthesis of
new materials
Hydrothermal synthesis still faces several limitations other than the high cost of
the autoclave equipment, partly due to the inability to monitor the reaction progress to
identify issues that may prolong successful experiments. Also, the mineralizer solution
needed to help with solubility and crystallization may become incorporated into the final
product. Another issue seen throughout this work is the incorporation of water during
crystallization and the removal could lead to the material to collapse as the hydrogen
bonding tend to stabilize the structure. These few disadvantages are prominently
overshadowed by the attractive features of the hydrothermal technique which has made it
a versatile crystal growth method for exploring a variety of phase space.
The development of hydrothermal technique began with attempts to mimic
mineral formation in nature synthetically under elevated pressure and temperature in the
presence of water.20

The evolution of hydrothermal technique is attributed to the

advances in the design of the apparatus involved and to a number of scientists who have
contributed greatly to the understanding of hydrothermal chemistry. The first evidence of
this technique dates back to the mid−1800s when Schafhautl successfully prepared quartz
crystals via a Papin’s digestor.19,

22

By 1900 more than 150 mineral species were

synthesized. The first successful commercial application of the hydrothermal technique
began with Bayer in 1892 when he developed a process for synthesizing pure aluminum

8

hydroxide.19, 23 His success opened a new avenue for hydrothermal research in growing
large single crystals. In 1881, Friedel and Sarasin invented a device that did not have a
tight seal causing the water to leak resulting in deviations in the pressure and
concentration of water during the experiment implicating it may unexpectedly explode
like a bomb.19 In 1909, Spezia was the first in the world to report valuable results of
growth on a seed of quartz crystal hydrothermally.19, 24 He was able to obtain crystals of
about 15 mm in size after three months with an estimated growth rate of 0.02 mm/day
using an aqueous solution of sodium silicate with a temperature gradient of 300 °C to 180
°C. He proved that quartz is more soluble in a solution of sodium silicate at temperatures
above 300 °C and pressure alone has no influence on the solubility of quartz. His
solubility studies of quartz helped the growth of bulk single crystals to become possible.24
The first published work on hydrothermal synthesis was by Barus in 1898. He
was able to fuse glass with water at 200 °C in a steel bomb. The first steel autoclave was
designed by Morey in 1913.19

The sealed steel autoclave improved pressure and

temperature conditions with an internal volume of 25−100 mL and could sustain
temperatures of 450 °C and 2 kbar pressure. In the early 20th century, hydrothermal
design pioneers like Bridgman, Cohen, Morey, Niggli, Fenner, and Bowen changed the
capabilities of hydrothermal research through their autoclave designs.19, 25, 26 With their
autoclaves, the synthesis of large single crystals of quartz and zeolites which are
technologically important materials could be obtained. Today, the autoclaves are
fabricated from a superalloy of highly corrosion resistant nickel based Inconel and Rene
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41 that can withstand 120 kpsi pressure and 800 °C allowing the exploration of different
reactions conditions producing a variety of new materials.

Overview of Research in Metal Borates and Their Technological Importance
Over the last 50 years, laser technology has dramatically evolved into one of the
best scientific inventions of all time. However, research is still needed to meet the
growing demands for coherent laser radiation in the UV and deep UV regions and the
generation of high powered lasers applicable as military weapons, high resolution
photolithography, micromachining and medical instruments. An effective technique for
the generation of UV and deep UV radiation is the use of non−linear optical (NLO)
crystals as a frequency converter.27 Non−linear optical effect was first realized when
Franken and coworkers observed light twice the frequency of a ruby laser (λ = 693.4 nm)
when using quartz as the NLO crystal.28, 29 The NLO effect such as second harmonic
generation (SHG) occurs when an electromagnetic radiation interacts with the NLO
crystal; some of the output radiation is converted and emitted at twice the frequency (half
the wavelength) of the incident radiation. A common example would be the fundamental
wavelength (λ = 1064 nm) of Nd:YAG lasers is converted to its second harmonic (2ω, λ
= 532 nm) upon interaction with KTiOPO4 (KTP) crystal. Within the NLO crystal, the
propagation of the electromagnetic wave changes due to the interaction between the
wave, electrons and atoms. This perturbation creates electric dipoles causing a
macroscopic polarization (P). When the applied electric field (E) is very small, the
induced polarization is expressed in equation 1.1, where ε0 is the permittivity of free
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space and χ is the susceptibility, which is responsible for the optical properties such as
absorption, dispersion and birefringence. When the applied electric field is intense, the
overall induced polarization is given in equation 1.2 where χ(1), χ(2), χ(3) are the linear,
second and third order non−linear susceptibilities. The magnitude of the susceptibility
decreases as their order increases and is determined by the polarization and direction of
light that passes through the NLO crystal.27, 29

P = ε0χE

(1.1)

P = ε0 (χ(1)E + χ(2)E2 + χ(3)E3 + …)

(1.2)

The performance of frequency conversion in solid state lasers depends heavily on
the efficiency of the NLO crystal. The properties of NLO crystals include: large NLO
coefficient, moderate birefringence, wide transparency range for operating wavelength,
high laser induced damage threshold, wide band gap, non−centrosymmetric, ease of
growth and good thermal and mechanical stabilities.13,

29-31

Borate compounds have

received considerable attention for the generation of high power UV and deep UV
wavelength generation as they fulfill majority of the above listed requirements for NLO
materials. In total only 15% of inorganic compounds are non−centrosymmetric whereas
36% of borate compounds are non−centrosymmetric, making them twice as likely to lack
a center of symmetry.31, 32
Borate crystal chemistry is unique owing to boron occurring in both trigonal
planar and tetrahedral coordination environments with oxygen.29, 33, 34 Borate structural

11

units can also link together to form complex anionic repeating units called the
fundamental building blocks (FBB), which play an important role in determining the
NLO coefficient. The FBB can be made of isolated (BO3)-3 or (BO4)-5 groups, branched
units composed of (BO3)-3 or (BO4)-5 or a combination of both groups, and a variety of
different rings chains or clusters.29, 31-34 It is this structural variety and complexity that
can lead to a plethora of new metal borate structures. A borate crystal consisting of
coplanar and dense (BO3)-3 groups possess a relatively larger birefringence and higher
NLO response than (BO4)-5 groups or rings. However, the band gap energy of different
borate anionic groups are as follows: BO4 > BO3 ≈ B3O7 > B3O6 which increases due to
the loss of π conjugation.13, 31 Thus, there is often a compromise to be made between the
widest band gap (enabling the deepest UV performance) and the highest NLO response.
The band gap energy for tetrahedral borate groups are wider because no π conjugation is
present, increasing the band gap, but these groups tend to have a very low birefringence
and thus poor phase matching characteristics. The triangular borate groups have coplanar
conjugate π orbitals and are more favorable for larger NLO response. In the case of
(BO3)-3, the terminal oxygen atoms can link to neighboring atoms to eliminate the three
dangling bonds and shift the band gap to shorter wavelengths (150−160 nm) which is
closely related to (B3O7)-5.31, 35
Currently, there are only two borates that are commercially available as efficient
frequency converters, β−BaB2O4 (BBO) and LiB3O5 (LBO). Although these materials are
technologically important, the focus is shifted to designing materials with the ability to
generation radiation at shorter wavelengths beyond those available by BBO and LBO.
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The reported SHG wavelength cutoffs for BBO and LBO with sufficient intensities are
225 nm and 277 nm, respectively.30 Other available borate based materials, CsLiB6O10
(CLBO) and CsB3O5 (CBO), have suitable NLO properties, but due to the soft and
hygroscopic nature of cesium containing materials, they are prone to cracking and
degradation leading to poor laser performance.36
Other materials have been prepared and investigated in this group. The structure
of γ−LiBO2 for example consists of isolated (BO4)-5 groups, which are ideal in terms of
band gap energy. This structure has a good NLO coefficient (0.85 pm/V) considering it is
further down in the deep UV region (135 nm) compared to the other structures.37 The
problem that is seen in this structure and throughout the LBO family is the low
birefringence making phase matching difficult and limiting their applications. Several
other known metal borate structures fulfill the minimum requirements as NLO materials
but they all have substantial limitations.
In the past decade, beryllium containing borates, KBe2BO3F2 (KBBF) and
Sr2Be2B2O7 (SBBO) have been of interest because they overcome some of the
shortcomings of BBO, LBO, and CLBO, making them good candidates for generating
laser light in the deep UV region. Both structures are composed of isolated (BO3)-3
coplanar groups making them ideal for a larger NLO response. Even though KBBF is
made of isolated (BO3)-3 groups and has a moderate birefringence, it has a relatively low
NLO coefficient due to the low density of (BO3)-3 groups in the unit cell.30, 38 A far more
significant shortcoming is the layered structure which makes it extremely difficult to
grow high quality single crystals.29, 39
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The structure of SBBO has a higher density of (BO3)-3 groups per unit cell hence
a sufficient NLO coefficient and moderate birefringence.35 The limitations of SBBO lie
in the growth size.39 In order to have practical applications; the material has to be at least
3−5 millimeters in size. Researchers have yet to produce a high quality single crystal of
SBBO large enough for optical application. In addition, although it has a wide band gap
its ability to perform in NLO applications does not extend below about 210 nm. The
development of borate based crystals has grown tremendously over the year; however,
the need for new materials with improved properties to help advance the solid state
technology field is still desired.

Research Motivations
Despite the increase in research in metal borates as optoelectronic materials since
the discovery of BBO and LBO, their aid in advancing the deep UV solid state laser field
is still hampered by the difficulty of synthesizing high optical quality crystals of
sufficient size for practical applications. Research has proven that an ideal structure
should have a wide band gap and a large density of borate groups per unit cell in a
coplanar configuration to have an efficient NLO response. The challenge lies in growing
borate materials with an optimum combination of the above requirements because the
optimization of one property often causes the deterioration of another, as evident in the
case of γ−LiBO2.
This dissertation work addresses the growing need for new borate materials
applicable below 200 nm by exploring the descriptive chemistry of alkali and alkaline
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earth metal borate systems using hydrothermal crystal growth. During this investigation
several new hydrated crystal structures were isolated, but unfortunately the hydroxyl
groups tend to decompose at high operating temperatures making them poor candidates
as lasing material. In an effort to improve the thermal properties of hydrated borates we
began exploring alternative design methods of by first replacing the OH- groups with a
more stable fluoride ion, then preventing its’ incorporating by introducing a smaller
cation (alkaline earth and transition metals) and finally mixing hetero−oxyanions into the
borate building blocks.
Furthermore, photoluminescence studies of europium doped borate and
borosilicate structures provided practical insight into the optical properties of these newly
synthesized materials. Lastly, the descriptive chemistry of a new series of europium
silicates and borosilicates discovered during the photoluminescence studies will also be
discussed.
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CHAPTER TWO
EXPERIMENTAL METHODS

Discovering new materials with promising properties requires the exploration of
different crystal growth methods. Solid state materials are generally prepared through a
variety of synthetic routes executed at harsh reaction conditions of high temperatures to
help promote diffusion. Reactions carried out at high temperatures lead to the production
of only thermodynamically stable phases, preventing the formation of metastable
(kinetically stable) phases. In order to access and mine out a large number of new
structures, soft synthetic solution based methods, in this case hydrothermal growth, is
employed. This chapter describes the synthesis of new solid state materials and
characterization techniques utilized in the succeeding chapters.

Synthetic Methods
Solid State Synthesis
Precursor materials were prepared through a standard solid state reaction. This
method ensures all the reactants are together in a melt before being hydrothermally
treated. Stoichiometric amounts of powder samples were thoroughly mixed in an agate
mortar and pestle. The powders were typically heated in a Lindberg Blue box furnace
(BF51866A − 1) in an open platinum crucible in air for 18−24 hours then cooled to room
temperature. The reaction temperatures were usually 950 or 1000 °C which is above the
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melting point of majority of the reactants to achieve a homogeneous polycrystalline or
glassy feedstock used as starting material in the hydrothermal reactions.

Hydrothermal Crystal Growth
Hydrothermal crystal growth detailed in this work was performed in fine silver
ampoules. These ampoules were manufactured and purchased from Stern-Leach Inc. in
two outer diameter sizes, 1/4” and 3/8”. Exploratory crystal growth was mainly carried
out in 1/4” o.d. tubing with 2.5” in length. The larger tubing 3/8” o.d. and 6.5” or 2.5” in
length were typically used to scale up the product to ten times the 1/4” ampoules for
larger crystals or larger amounts of product. Silver was chosen because it is inexpensive
compared to other precious metals such as gold or platinum and is inert toward most
basic mineralizers. Special attention should be given when choosing mineralizer
solutions. Acidic mineralizer solutions at temperatures above 450 °C and chloride
mineralizer solutions over 4M could attack the silver tubing which could ultimately
destroy the autoclave equipment.
This process began by welding one end of the silver tube using a CEA model
TOP-165HF inert gas welder with a carbon or tungsten electrode under flowing argon
gas. The starting materials (0.1 g) were loaded into the open end of the ampoule along
with 0.4 mL of mineralizer solution using a syringe. The inside of the ampoule near the
opening was cleaned to wipe away residual solution or feedstock, which helps achieve a
perfect seal. The open end of the silver ampoule was welded shut similar to before. The
sealed ampoule was placed in a Tuttle cold seal autoclave. A total of five sealed silver
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ampoules could be placed within the autoclave with an internal volume of 27 mL if they
are staggered.
Deionized water was added to the internal volume of the autoclave to act as
counter pressure and prevent the silver ampoules from bursting upon heating.

The

counter pressure exceeds the pressure generated in the ampoule causing the ampoules to
be compressed; therefore, the pressure outside is equal to the pressure of the reaction
inside the ampoules. Because of this, the pressure gauge reading is accurate for the
pressure of the crystal growth reaction. The autoclaves are constructed of nickel based
superalloy, Inconel 718 to resist high pressures and temperatures up to 800 °C, and have
a bore diameter of 1/2". The head of the autoclave consist of a plunger, cap nut, high
pressure tubing, pressure valve, and a pressure gauge. The autoclave threads were coated
with copper based anti−seize grease to prevent the parts from seizing at such high
temperatures. The cap nut screws onto the threads of the autoclave vessel. The conical
shaped plunger is forced down onto the opening of the autoclave creating a tight seal.1
The Tuttle cold seal components are pictured in Figure 2.1.
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Figure 2.1: A schematic of the Tuttle cold seal and the actual plunger and body of the
autoclave.
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The autoclave was typically heated in a vertical furnace or a cinder block pit. The
vertical furnace allows the cap nut to sit above the top of the furnace creating an
approximated temperature gradient over the length of the autoclave vessel. A
thermocouple was strapped to the outside of the autoclave to measure the temperature
before placing into the vertical furnace. Zirconia insulation was used around the top of
the furnace, Figure 2.2a. When using the pits, ceramic band heaters were attached to the
middle of the autoclave. The autoclave was then placed in a pit created from cinder
blocks filled with vermiculite insulation, Figure 2.2b. Most of the crystal growth in this
work utilized the vertical furnaces in which the temperature gradient was not as important
for exploratory research. Band heaters were used towards the end of this work due to
equipment failure of the vertical furnaces. Typically, two band heaters are attached to
provide a more controlled temperature gradient; however, in this work one band was
attached to create a similar gradient as with the vertical furnace. Reactions were held at
the desired temperature between 5−10 days. Throughout that period, for safety purposes
the equipment was monitored to make sure the pressure did not exceed 35 kpsi and the
temperature remained steady. Once the reaction was complete, the autoclave was cooled
to room temperature over an eighteen hour period and the silver ampoules were retrieved
from the vessel. The ampoules were opened and the contents were filtered with deionized
water.
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Figure 2.2: a. A fully assembled autoclave in the vertical furnace with zirconia insulation;
b. The autoclave with the band heater attached near the cinder block pit with vermiculite
insulation.
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Characterization Techniques
Powder X-ray Diffraction
Powder X-ray diffraction (PXRD) is a useful tool for identifying the composition,
purity, and orientation of a crystalline material. PXRD has proven to be important for
exploratory material research in distinguishing starting material from product and
especially important when single crystals are not formed. PXRD patterns of finely ground
crystalline samples were obtained using a Rigaku Ultima IV powder diffractometer
equipped with Cu Kα radiation (λ = 1.5406 Å) at room temperature in the 2θ range from
5 to 65° with a scan speed of 1° per minute. The PDXL software package was used to
operate the diffractometer and process data.2

The phase purity and identity of the

experimental powder patterns was compared to calculated patterns generated via
PLATON or MERCURY software programs using the crystallographic data or to those
previously published stored within the ICDD diffraction database using the PDXL
software.3-5

Single Crystal X-ray Diffraction
Single crystal X-ray diffraction (SXRD) is a more accurate technique providing
structural information including unit cell dimensions, bond lengths and angles, and
position of atoms within the unit cell. A suitable high quality crystal (0.1−0.4 mm/side)
was mounted on a glass fiber held by a metal tension pin using clay and epoxy glue. The
crystal was place on a Rigaku AFC8 diffractometer equipped with a Mercury CCD
detector and an X-ray source using graphite monochromated Mo Kα (λ = 0.71073 Å)
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radiation and collected at room temperature. The CrystalClear software was used to
operate the diffractometer and integrate reflections.6
The unit cell parameters were initially determined by performing four screening
frames with ω varying from 0°−90° at 30° intervals while φ and χ are fixed at 0°. The
exposure time of each frame was dependent on the diffraction intensity of the crystal,
typically 5−10 seconds per frame. The reduced unit cell was checked against known
structures using the ICSD database.7 A total of 480 frames were collected where ω was
scanned from -90°−90° in 0.5° intervals while χ and φ remained at 45° and 0°,
respectively for the first 360 images. The remaining 120 images were collected from
−30°−30° also in 0.5° intervals for ω while χ and φ remain at 45° and 90°, respectively.
The collected data was integrated, merged, and averaged to create an hkl file using the
CrystalClear software.6 The hkl data file was transferred to the SHELXTL software and
the structure was solved by direct methods and refined by least-squares.8 All atoms
except for hydrogen atoms were refined anisotropically. Hydrogen atoms were assigned
by inspecting the local oxygen environments and calculating the bond valence of each
oxygen atom. All of the pictures of the crystal structures displayed throughout the
following chapters were created using DIAMOND software program.9

Infrared Spectroscopy
Infrared spectroscopy (IR) was used to identify different functional groups within
a structure based on their characteristic vibrational modes. IR validated the existence of
hydroxyl groups, different borate, silicate, and carbonate groups throughout this work. IR
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spectra were recorded using the KBr pellet technique under flowing nitrogen on a Nicolet
Magna 550 IR spectrometer using the OMNIC program.10 The spectra were collected in
the range of 400 − 4000 cm-1. A small amount of powdered sample (0.01 g) were mixed
with KBr powder (0.1 g) and pressed into a transparent pellet using a hydraulic press.
The pellets were dried at 100 °C to eliminate any moisture on the surface.

Thermal Analysis
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
simultaneously provides information about the thermal stability of a material. As a result
of hydrothermal crystal growth, hydroxylated species were common products; therefore,
this technique will be useful in determining a materials’ ability to operate at high
temperatures as laser hosts by studying weight loss due to the evaporation of water upon
heating. The temperature for laser applications depend on the thermal conductivity of the
material and can range from −300 °C for cryo−cooling crystals up to 600 °C for high
average power crystals. Measurements were performed using a TA Instrument SDT Q600
(V20.9 Build 20) simultaneous DSC/TGA that utilize the TA Universal Analysis
software program for data analysis. Powdered samples weighing 10−30 mg were placed
in a tared alumina crucible while the reference sample pan for DSC was left empty. Both
the sample and the reference were heated at a rate of 10 °C per minute up to 1000 °C in a
nitrogen atmosphere. Observed weight loss was compared to theoretical weight loss
calculated from the molecular weight of the material.
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UV-Vis Diffuse Reflectance
In this work, UV-Vis spectroscopy is used to study the ligand to metal charge
transfer bands and d−d or f−d electronic transitions. The optical absorption spectra were
recorded on a PC-controlled SHIMADZU UV-3101 UV-Vis

NIR

scanning

spectrophotometer equipped with an integrating sphere. Ground polycrystalline samples
were smeared onto BaSO4 which was pressed to the sample holder and secured inside the
integrating sphere attachment. The spectra were collected in the visible range of 200 nm
to 700 nm. The absorption data were converted to reflectance using the Kubelka−Munk
function.11

Electron Microscopy (Energy Dispersive X-ray)
Elemental analysis provides verification of the elements present and a qualitative
chemical composition of a newly synthesized material via energy dispersive X-ray
analysis (EDX). EDX was performed using a Hitachi TM−3000 tabletop microscope
equipped with SwiftED3000 detector. Single crystals or powder samples were attached to
carbon tape applied directly to a carbon disc. The disc was then attached to a stub
connected to the specimen holder and the height was adjusted to about 1 mm below the
height gauge for accurate working distance of 8 to 8.5 mm. The specimen holder was
then placed into the chamber and evacuated. A copper tape strip attached to the carbon
disc was used to calibrate the instrument. The instrument used an accelerating voltage of
15 kV in charge up reduction mode. Flat and clean faces were chosen for analysis by
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EDX and the scattered x-rays were collected. For the sake of a semi-quantified chemical
composition, at least five points were collected for a given sample.

Photoluminescence Spectroscopy
Photoluminescence (PL) spectroscopy gives information about the electronic
structure and optical properties in a material. Photoluminescence excitation and emission
spectra were recorded with a Horiba Jobin−Yvon Spex Fluorolog-3 fluorimeter equipped
with a 450 W xenon lamp as the excitation source in the range of 230−1800 nm
wavelength. The fluorimeter is equipped with a double grating excitation and emission
monochromator. All measurements were performed at room temperature.
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CHAPTER THREE
SYNTHESIS AND CHARACTERIZATION OF HYDRATED METAL BORATES

Introduction
An attractive area of chemistry is the borates of strontium and barium that have an
exceptionally rich descriptive chemistry in hydrothermal reactions. Borates are superior
over phosphates, silicates and niobates as NLO materials because of their high optical
damage thresholds, excellent thermal stability, wide band gaps, moderate birefringence
and likelihood to crystallize in a non-centrosymmetric space group.1-3 The two different
coordination environments of boron to oxygen (three-fold and four-fold) lead to a rich
descriptive and structural chemistry of borates forming a variety of rings, chains,
frameworks and/or isolated trigonal planar and tetrahedral building blocks.1,4-5

The

research on borate materials for UV and deep UV applications has intensified since the
discovery of β−BaB2O4 (BBO). BBO is attractive for its optical properties which include
a band gap of 189 nm, large birefringence and an appreciable NLO susceptibility of 1.84
pm/V for wavelengths above 205 nm.6 Although the band gap for BBO is below 200 nm,
generation of coherent light below 205 nm is inefficient due to low transmittance in the
deep UV region.6 Demand for coherent light below 200 nm have become increasingly
important over the years and due to the important technological properties of BBO, the
synthesis and crystal growth of new metal borates have received considerable
attention.1,6-8
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Traditional crystal growth of metal borates is through the use of Czochralski, flux,
and top seeded solution growth (TSSG), all challenging in borate systems because of
incongruent melting and modest thermal stability. The flux method produces well defined
crystals; however, it has some application limitations due to the tendency of borate melts
forming glassy products. Czochralski method leads to crystal cracking and thermal strain
while TSSG grown crystals tend to suffer from melt inclusions and grain boundaries
issues associated with misorientation between the lattices.1,9-10

BBO crystals are

commonly grown by TSSG with NaF or Na2O as the flux.11-12 The viscous nature of the
boron enriched solution at high temperatures causes the crystallization of the melt to
decrease near the front of crystallization thus weakening the convective processes making
the formation of high quality crystals difficult.
Hydrothermal technique is an attractive method for synthesizing high quality
metal borate single crystals such as BBO. Hydrothermal growth technique is
economically friendly in that it is carried out at relatively lower temperatures, reducing
thermal strain and crystal cracking and well as reducing the amount of wasted material
often seen in bulk material grown from other conventional methods. Furthermore the
relatively low temperature solutions enable access to crystals that would otherwise melt
incongruently.
Attempts to synthesize either BBO or structural analogs of BBO in hydrothermal
reactions resulted in the failure to observe BBO but did lead to formation of a wide
variety of interesting metal borates containing the B-OH moiety. Previous research
efforts made by Giesber and McMillen in synthesizing BBO or analogs hydrothermally
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were all unsuccessful. Giesber’s growth protocol consisted of a direct hydrothermal
reaction of Ba(OH)2 · H2O, B2O3 or H3BO3. These reactions used a barium to boron
(Ba:B) ratio of 1:2 in the starting charge in attempts to replicate BBO. The powder
mixture was then hydrothermally treated with low concentrations of hydroxide
mineralizer solutions. The resultant crystals were determined to be two new structures,
BaB2O3(OH)2 and BaBO2(OH) but never BBO.13

McMillen tried two different

approaches than that of Giesber. First, a bulk piece of BBO was purchased as the starting
material (feedstock) and hydrothermally treated using a wide range of concentrations of
hydroxide, fluoride and chloride mineralizer solutions. BBO feedstock did not
recrystallize as expected but rather preferred the formation of BaB2O3(OH)2,
BaBO2(OH), Ba2B5O9(OH), γ−LiBO2, BaF2 and Ba2B5O9Cl.14 His second approach
consisted of a direct synthetic method using Ba(OH)2 ∙ H2O and H3BO3, B2O3 or
(NH4)2B10O16 ∙ 8H2O as the boron source. The starting charge Ba:B ratios explored were
1:1, 1:2, 1:7.3, 1:14.6, 1:29.2, and 1:37.1 all performed at 565 °C using 1M NaOH
mineralizer solution. The direct hydrothermal growth produced several new and
interesting

hydrated

barium

borates,

BaB2O3(OH)2

Ba3B12O20(OH)2, Ba2B7O12(OH), and Ba3B6O11(OH)2.13-14

(Giesber),

Ba2B5O9(OH),

The resistance of BBO

forming from hydrothermal fluids can be explained by the hygroscopic nature of this
material having a strong interaction with water causing it to remain in solution.
There are over 200 naturally occurring borate minerals, anhydrous and hydrous
structures. Common borate minerals are colemanite, kernite, and ulexite that are mined
for commercial importance.15 The majority of the natural minerals are hydrated due to
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them growing from natural hydrothermal solutions under the influence of different
temperatures and concentrations of the mineral rich solutions, forming unique crystals.
There are several review papers studying the fundamental building block of naturally
occurring borate based minerals,4,16 however, the presented work is more geared towards
synthetic hydrated borates and understanding the structural make up. In 2003, a review
studying the trends in the crystal chemistry of hydrated alkaline and pseudo alkaline
borates was published by Touboul.17 He discussed a family of five hydrated structures,
MBO2 ∙ vH2O, M3B5O9 ∙ wH2O, M2B4O7 ∙ xH2O, MB3O5 ∙ yH2O and MB5O8 ∙ zH2O where
M = Li, Na, K, Rb, Cs, Ag, NH4, Tl as well as several anhydrous family of compounds.
He concluded that the same building blocks are often present in hydrated and anhydrous
borates. Frequently encountered fundamental building blocks (FBBs) have three or five
boron atoms that are built from two interlocking rings or six membered rings.17 Another
review in 2007 by Yuan discussed the crystal chemistry of borates where approximately
100 types of FBBs in 841 borates were found and classified into six types according to
their structural building blocks. This study included 545 anhydrous borates and 296
hydrated borates. The data presented on the hydrated borates prove the different building
blocks are distributed evenly throughout each group and non−centrosymmetric borates
are few in numbers compared to centrosymmetric structures, evident in my research
findings as well. The top three most common FBB in hydrated borates consisted of
interlocking rings or “8” shaped ring, normal six membered ring and single BO3 or BO4
groups.18 Interestingly, my findings correlates to Yuan’s results, as the common theme of
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FBBs in the presented hydrated structures are interlocking rings, normal six membered
rings and a combination thereof
The first part of Chapter 3 focuses on the synthesis, and structural characterization
of several new hydrated metal borates. Particular attention is paid to the sensitivity of the
reaction conditions to the starting reagents and the complexity of the fundamental
building blocks in the structures. This study contributes to the descriptive crystal
chemistry of alkali and alkaline earth metal borates as the number of new structures
continue to grow. Synthetic approaches are a combination of techniques executed by both
Giesber and McMillen by not only varying the concentration and mineralizer solutions
but also the temperature and starting charge ratios in the reactions. Structural analysis of
several new Ba, Sr, and mixed Li/Sr borates are discussed with comparison to known
borates or new phases synthesized by Giesber and McMillen. “A majority of this work is
reprinted with permission from Heyward et al. Inorg. Chem. 2012, 51, 3956−3962
Copyright 2012 American Chemical Society and McMillen et al. J. Solid State Chem.
2011, 184, 2966−2971. Copyright 2011 Elsevier.” A duplicate of the copyright
permissions are located in Appendix B.
The descriptive chemistry of hydrated borates is very extensive and serves as an
excellent exploratory exercise and inspiration for other borates wherein the OH groups
are replaced with anions possessing better thermal properties, such as fluoride.
Fluoroborates or borate fluorides are known to be thermally stable with a wide optical
transparency window and high polarizability.19,20 These fluoride materials do not suffer
from the same limitations as the hydrated compounds because they are stable toward
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hydrolysis and thermal decomposition. There are a number of fluoride containing borates
studied as NLO materials, KBe2BO3F2 (KBBF)20,21, NaBe2BO3F222, BaAlBO3F2
(BABF)23, and Ca5(BO3)3F24. Among them KBBF has excellent NLO properties KBBF is
transparent down to 155 nm in the deep UV region and has a NLO coefficient of about
0.8 pm/V, making it the first crystal that may be used as the sixth harmonic generators of
Nd:YAG lasers.20 Although the properties of KBBF are promising, there are difficulties
in growing large, high optical quality single crystals. The flux growth of KBBF has been
widely explored but this technique remains an issue because KBBF has a melting point
estimated above 1100 °C and the high volatility of the borate fluxes causes it to
decompose at 800 °C making growth very difficult.25-27 Crystals of KBBF grow in a
plate−like morphology with a layered structure which also leads to problems in growing
these crystals with appreciable thickness for cutting at the angles needed for solid-state
devices. Our group has successfully synthesized several borate fluorides including the
ABBF family where A = K, Rb, Cs, Tl and M3B6O11F2 class where M = Sr, Ba as
promising deep UV NLO materials.28,29 Within the ABBF class, RBBF exhibits the best
growth of 5 x 4 x 1 mm3 while the others grew around 1.5 x 1.5 x 0.5 mm3 in size.28
Although non−centrosymmetric, Sr3B6O11F2 and Ba3B6O11F2 have similar formulas to
centrosymmetric Sr3B6O11(OH)2 reported in this chapter, their structures are very
different owing to the fluoride ions bonding to the alkaline earth cations instead of the
boron atoms.28
With the idea of the substituted F- ions for OH- groups completely changing the
crystal structures, the second part of this chapter describes several reactions designed to

36

introduce fluoride into the starting materials and/or in the mineralizer solution.
Considering the large number of hydrated metal borates that were isolated from
hydrothermal fluids, the fluoride ion substitution could provide a path to a vast number of
important NLO and laser materials.

Hydrothermal Synthesis of Hydrated Borates and Fluoroborates
Barium Borates
A series of reactions were done varying the Ba:B starting charge ratios in an
attempt to synthesize new barium borate structures. Reactions were completed using a
direct method with a powder mixtures of (NH4)2B10O16 · 8H2O, Ba(OH)2 · H2O and 1M
NaOH mineralizer solution in the ampoules. Initially, Ba2B7O12(OH) was synthesized
using 180 mg (0.33 mmol) (NH4)2B10O16 · 8H2O (Alfa Aesar, 99.9%) and 80 mg (0.42
mmol) Ba(OH)2 · H2O (Aldrich, 99.9%) with starting charge ratio of 1:7.9. The reaction
was heated for 513 °C for 6 days generating a pressure of 20 kpsi. The products obtained
were colorless polyhedral crystals up to 1 mm in size (Figure 3.1) identified as
Ba2B7O12(OH). This phase crystallizes in non−centrosymmetric space group P21 and is a
polymorph to a new structure reported by McMillen that crystallizes in centrosymmetric
space group C2/c. Although the crystals isolated were determined by single crystal XRD
to be the non−centrosymmetric phase, the powder XRD of all the products in this
reaction revealed a mixture of both phases of Ba2B7O12(OH). McMillen’s structure was
synthesized in a similar fashion with a Ba:B starting charge ratio of 1:29.2 at a slightly
higher temperature of 565 °C. His phase of Ba2B7O12(OH) was produced phase pure.14
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The mixture of both phases at a smaller starting charge ratio and lower temperature lead
to further studies varying the starting ratio and temperature in hopes of determining the
phase transition temperature or some correlation between the amount of Ba:B present in
the reaction. To distinguish the two phases, the non−centrosymmetric structure will be
referred to as α−Ba2B7O12(OH) and McMillen’s structure will be identified as
β−Ba2B7O12(OH) for the sake of this report because it was originally synthesized at a
lower temperature.

Figure 3.1: Hydrothermally grown crystals of α−Ba2B7O12(OH), Sr3B6O11(OH)2, and
Li2Sr8B22O41(OH)2.
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At temperatures between 500−530 °C and Ba:B ratios between 1:7.9−1:29.1
(except 14.5), polymorph α−Ba2B7O12(OH) was always the major product with
β−Ba2B7O12(OH) as the minor phase in the reaction. A phase pure reaction of
α−Ba2B7O12(OH) was never obtained despite varying the starting charge ratio and
temperature. Because both compounds are of similar morphology, it was impossible to
isolate α−Ba2B7O12(OH) to collect powder XRD that was phase pure. The powder XRD
spectrum in Figure 3.2 of α−Ba2B7O12(OH) shows a mixture of both polymorphs. The
experimental pattern (green) of a reaction was carried out with a Ba:B ratio of 1:7.9 at
513 °C and seems to indicate more of the α−Ba2B7O12(OH) phase than the
β−Ba2B7O12(OH) phase in reference to peaks with 2θ values of 26 and 30°. The
experimental pattern (blue) of another reaction was performed with the same Ba:B ratio
of 1:7.9 at a slightly higher temperature of 527 °C. This pattern shows a little more of the
β−Ba2B7O12(OH) phase which is indicated by the absence of peaks around 26 and 32°.
This result proves that as the temperature increases the amount of β−Ba2B7O12(OH)
increases while α−Ba2B7O12(OH) decreases. At temperatures between 530−560 °C and
Ba:B ratios of 1:7.9−1:29.1, β−Ba2B7O12(OH) was either the only product or the major
phase in the reaction. Ba:B ratios of 1:7.9 and 1:14.7 both resulted in phase pure
β−Ba2B7O12(OH). Powder XRD pattern in Figure 3.3 show the experimental pattern is in
good agreement with the calculated pattern, confirming our structure determination. In
contrast, a Ba:B ratio of 1:24.9 produced a known minor phase Ba5B20O33(OH)4 · H2O
while 1:29.1 is the only reaction that showed a mixture of both polymorphs at higher
temperatures. The structure of Ba5B20O33(OH)4 · H2O was reported in 2000 in which
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crystals

were

grown

from

a

low

temperature

hydrothermal

reaction

of

BaO−PbCO3−B2O3−H2O system with a much lower Ba:B charge of 1:4.30 Although
McMillen’s reaction of 1:29.2 was reported as phase pure of β−Ba2B7O12(OH),
α−Ba2B7O12(OH) could have been present and was not isolated for single crystal XRD or
the yield was minimal that it did not show up in the powder XRD pattern. Table 3.1
presents the hydrothermal reaction summary of various ratios and temperatures explored.

Table 3.1: Hydrothermal Reaction Summary of Hydrated Barium Borates at Varying
Ba:B Ratios and Temperatures.
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Figure 3.2: Powder XRD spectra show a mixture of polymorphs α−Ba2B7O12(OH) (P21)
and β−Ba2B7O12(OH) (C2/c). Experimental pattern at 513 °C (green) show more of the
α−Ba2B7O12(OH) (P21) phase present. Experimental pattern at 527 °C (blue) show more
of the β−Ba2B7O12(OH) (C2/c) phase present.
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Figure 3.3: Powder XRD pattern of experimental (black) and calculated (red) of
β−Ba2B7O12(OH).
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Strontium Borates
This work was extended to include strontium as the alkaline earth metal. All
reactions from here forward were prepared using a two−step process instead of a direct
hydrothermal synthesis. A feedstock for crystal growth was made from a solid state melt
using 1.06 g (44 mmol) LiOH (Aldrich, 98%), 3.06 g (43 mmol) B2O3 (Alfa Aesar, 98%),
5.82 g (22 mmol) Sr(OH)2 ∙ 8H2O (Aldrich, 95%), and 1.23 g (22 mmol) KOH (MV
laboratories, 99%). The powders were thoroughly mixed and heated in a platinum
crucible at 900 °C in air for 16 h to produce a crystalline starting material. This material
was identified as Sr2B2O5 and an unknown phase using powder XRD. Several different
mineralizer solutions was used to explore the phase space of this starting material, Figure
3.4 shows a summary of these reactions. Colorless rods up to 0.95 mm in size of
Sr3B6O11(OH)2 (Figure 3.1) were produced using several different mineralizers. Of the
mineralizer solutions explored none were phase pure, although 0.5M SrCl2 produced the
highest yield of approximately 90% yield with tetragonal LiBO2 forming as a side
product. All reactions were heated at 560 °C generating about 18 kpsi of pressure for 6
days.
These results indicate that all of the mineralizer solutions were concentrated
enough to completely saturate the starting material and recrystallize as different phases
other than Sr2B2O5. The idea behind using a solid state melt as the starting material is to
have all of the components together before the hydrothermal treatment to increase the
chance of producing structures with the elements of interest, as opposed to a direct
hydrothermal reaction using powder mixtures. With this in mind an experiment was
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conducted to synthesize Sr3B6O11(OH)2 directly and compare the yield of the target
phase. A powder mixture of using the same molar ratio as the solid state reaction was
added to a silver ampoule along with 0.5M SrCl2 solution. This mineralizer solution was
used because it produced the highest yield of the target phase during the two−step
method. Sr3B6O11(OH)2 was formed as the majority phase along with γ−LiBO2. The
direct hydrothermal method produced the same products as the two−step process;
however, more γ−LiBO2 was present in the powder XRD pattern. In this case the
two−step method seem to be the more efficient route to produce more Sr3B6O11(OH)2.
These results also provide information about the richness of the alkaline earth crystal
chemistry and the stability of this phase.
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Figure 3.4: Summary of the hydrothermal reactions exploring the strontium borate phase
space.
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Lithium Strontium Borates
The richness of the structural chemistry of alkaline earth metal borates
encouraged the exploration of new compounds mixing alkali and alkaline earth metals.
Feedstock for crystal growth was synthesized from a solid state melt of LiOH (Aldrich,
98+%), B2O3 (Alfa Aesar, 97.5%), Sr(OH)2 · 8H2O (Aldrich, 95%) and KOH (MV
Laboratories, 99.99%) in a molar ratio of 2:6:1:3. The powders were thoroughly mixed
and heated in a platinum crucible at 900 °C overnight to produce a glass. While
potassium is not present in the structure, KOH was essential in this first step for ensuring
that the glass starting material was obtained. Various hydroxide and chloride mineralizers
were used to explore the phase space. Crystals of Li2Sr8B22O41(OH)2 were formed using
the glass feedstock and 0.5 M LiCl mineralizer solution at 574 °C and 21 kpsi for 7 days.
The crystals formed as colorless rods (Figure 3.1) and were the minor product in the
hydrothermal reaction, with the majority of the product being Sr2B5O9(OH), a structure
previously determined by Giesber. It is interesting to note that Li2Sr8B22O41(OH)2 was
found to only form when using the above glass as a starting material for the hydrothermal
reaction. Furthermore all attempts to obtain Li2Sr8B22O41(OH)2 without using KOH in
this starting material were also unsuccessful. A summary of mineralizer solutions utilized
and products formed for this starting material are in Figure 3.5.
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Figure 3.5: Summary of the hydrothermal reactions exploring the lithium/strontium
borate phase space.
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Strontium Borate Fluorides
Exploratory growth of borate fluorides began with preparing a solid state melt of
5.9g (47 mmol) SrF2 (Aldrich 99%), 3g (43 mmol) B2O3 (Alfa Aesar 98%), 1.2g (21
mmol) KF (Alfa Aesar 99+) heated in a platinum crucible at 800 °C for 18 h producing a
crystalline feedstock. Low concentrations of alkali hydroxides, carbonates, and fluorides
were used as mineralizer solutions to assist in the formation of novel structures at
temperatures ranging from 450−500 °C. The interesting products were Sr3B6O11F2 which
was determined by former group member and a new phase Sr3B5O9(OH)2F. Crystals of
Sr3B5O9(OH)2F were synthesized using 1M NaOH and grew as colorless polyhedra in
20% yield. This structure crystallizes in monoclinic space group P21/c. Evident from the
reaction results (Figure 3.6) SrF2 dominated the products. A review of the powder X-ray
diffraction pattern of this feedstock revealed SrF2 was present with another unknown
phase. In an attempt to eliminate SrF2 from the products and help promote the formation
of borates, a surplus of boron source was added to the reaction along with the feedstock
prepared above. Although, there were more borate containing materials and less of SrF2
in these reactions, the excess boron did not aid in the formation of unique fluoroborates
or borate fluorides.
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Figure 3.6: Summary of the hydrothermal reactions using “KSrBOF” feedstock material.
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Mixed Alkali−Alkaline Earth Fluoroborates
Crystals of the two new tetragonal hydrated fluoroborates, RbSr16Ca11B12O35F21 ·
1/2H2O and CsSr17Ca10B12O35F21 · 1/2H2O were synthesized from a solid state melt of
SrCO3 (Aldrich, 98+%), HBO2, SrF2 (Aldrich, 99%) and CaCO3 (Alfa Aesar, 99.95%) in
a molar ratio of 1:7:2:2. The metaboric acid was formed by heating boric acid, H3BO3
(Fisher, 99%) at 150 °C for 12 hr to dehydrate. Powder XRD was used to confirm the
metaboric acid phase. The powders were thoroughly mixed and heated in a platinum
crucible at 850 °C for 18 hr to produce a crystalline starting material. The powder
diffraction pattern was not a good match to anything in the database. This starting
material was originally prepared following a procedure in an article on the crystal
structure of fluoride borates from a solid state synthesis. It is assumed that the authors
started with the intermediate phase HBO2 instead of H3BO3 to speed the reaction to
completeness; therefore, using HBO2 in the presented reaction did not have any
significant effect on the resulting feedstock. A variety of fluoride mineralizers and
several hydroxide solutions were used to explore this phase space (Figure 3.7). Some of
the products in these reactions were left unidentified due to poor quality crystal formation
(extremely twinned or opaque) or the microcrystalline powder could not be identified.
Using deionized water or hydroxide mineralizer solutions produced Sr2B5O9(OH), SrF2,
Sr3B2O6, and RbSr16Ca11B12O35F21 · 1/2H2O and CsSr17Ca10B12O35F21 · 1/2H2O. Fluoride
solutions gave majority fluoride containing structures SrF2, RbF, Ca5B3O9F, literature
Ca2B2O5, and Sr2B2O5, as well as the compound Sr0.6Ca1.4B2O5 that will be discussed in
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Chapter 4. Strontium fluoride (SrF2) always seemed to be the most stable phase in any
hydrothermal fluids containing both fluoride and strontium ions.
The crystals of the two tetragonal fluoroborates, RbSr16Ca11B12O35F21 · 1/2H2O
and CsSr17Ca10B12O35F21 · 1/2H2O were obtained using 5M RbOH and 5M CsOH,
respectively and formed as colorless polyhedral crystals in approximately 70% yield. The
minor phases were Sr3B2O6 using RbOH and SrF2 using CsOH. The isostructural
compounds crystallize in the uncommon tetragonal space group P4/mbm and will be
discussed in greater detail below. They are fluoroborates in that the fluorine atoms
directly bond to the borate group, which is rare in our group when preparing these types
of structures. We usually come across borate fluorides where the fluorine atoms are
bound to the metal and are not part of the borate framework.
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Figure 3.7: Reaction summary of “SrCaBOF” feedstock material using fluoride and
hydroxide mineralizer solutions.
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Table 3.2: Crystallographic Data of New Hydrated Metal Borates.
Empirical Formula
Formula weight
Space group

Ba2B7O12(OH) Sr3B6O11(OH)2 Li2Sr8B22O41(OH)2
559.36
537.74
1642.68
̅
P21 (no. 4)
P (no. 2)
P ̅ (no. 2)

a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
Z
Dcalc, Mg/m3

7.1023 (14)
18.713 (4)
7.2488 (14)
90
98.89 (3)
90
951.9 (3)
4
3.903

6.6275 (13)
6.6706 (13)
11.393 (2)
91.06 (3)
94.50(3)
93.12 (3)
501.3 (2)
2
3.563

6.4684 (13)
8.4513 (17)
14.881 (3)
101.21 (3)
93.96 (3)
90.67 (3)
795.8 (3)
1
3.428

Parameters
μ, mm-1
θ range, °
Reflections
Collected
Independent
Observed [I≥2σ(I)]
R (int)

404
8.308
2.84 − 26.38

200
15.99
3.06 − 26.38

341
13.46
2.46 − 25.25

8938
3671
3589
0.0316

4794
2034
1828
0.0288

6962
2860
2430
0.0637

0.0256
0.0524

0.0273
0.0612

0.0477
0.1150

0.0265
0.0529

0.0316
0.0631

0.0569
0.1214

Final R (obs. data)a
R1
wR2
Final R (all data)
R1
wR2

Goodness of fit on F2
1.10
1.11
1.04
Largest diff. peak, e/Å3
1.16
0.99
1.20
3
Largest diff. hole, e/Å
-1.65
-1.38
-2.22
a
R1 = [∑||F0| - |Fc||]/∑|F0|; wR2 = {[∑w[(F0)2 – (Fc)2]2]}1/2
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Table 3.3: Crystallographic Data of New Borate Fluoride/Fluoroborates.
Empirical Formula
Formula weight
Space group

Sr3B5O9(OH)2F
513.93
P21/c (no. 14)

a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
Z
Dcalc, Mg/m3

13.068 (3)
7.7859(16)
11.036 (2)

Parameters
μ, mm-1
θ range, °
Reflections
Collected
Independent
Observed [I≥2σ(I)]
R (int)

183
15.718
3.13−26.35

114.84 (3)
1019.0 (4)
4
3.350

9387
2073
1829
0.0440

Final R (obs. data)a
R1
wR2
Final R (all data)
R1
wR2

0.0279
0.0623
0.0331
0.0650

Goodness of fit on F2
1.13
3
Largest diff. peak, e/Å
0.872
Largest diff. hole, e/Å3
-0.778
a
R1 = [∑||F0| - |Fc||]/∑|F0|; wR2 = {[∑w[(F0)2 – (Fc)2]2]}1/2
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Table 3.3: Crystallographic Data of New Borate Fluoride/Fluoroborates cont…..
Emp. Formula
Formula weight
Space group

RbSr16Ca11B12O35F21∙1/2H2O CsSr17Ca10B12O35F21∙1/2H2O
3025.99
3120.98
P4/mbm (no. 127)
P4/mbm (no. 127)

a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
Z
Dcalc, Mg/m3

12.7553 (18)

12.7631 (18)

17.140 (3)

17.121 (3)

2788.6 (8)
2
3.603

2789.0 (8)
2
3.715

Parameters
μ, mm-1
θ range, °
Reflections
Collected
Independent
Observed
[I≥2σ(I)]
R (int)

135
17.200
2.38−26.02

136
17.827
3.19−26.02

24,950
1521
1342

25,272
1514
1356

0.0982

0.0844

0.0608
0.1600

0.0560
0.1529

0.0675
0.1663

0.0618
0.1581

Final R (obs.
data)a
R1
wR2
Final R (all data)
R1
wR2

Goodness of fit
1.10
1.12
2
on F
Largest diff. peak,
6.49
2.43
3
e/Å
Largest diff. hole,
-2.31
-3.14
3
e/Å
a
R1 = [∑||F0| - |Fc||]/∑|F0|; wR2 = {[∑w[(F0)2 – (Fc)2]2]}1/2
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The Crystal Structure of Polymorph α−Ba2B7O12(OH)
The structure of α−Ba2B7O12(OH) (1) crystallizes in the non−centrosymmetric
monoclinic space group P21 with unit cell parameters a = 7.1023 (14) Å, b = 18.713 (4)
Å, c = 7.2488 (14) Å, and β = 98.89 (3)°. The previously characterized polymorph
β−Ba2B7O12(OH) (2) crystallizes in the centrosymmetric monoclinic space group C2/c
with cell parameters a = 9.3092 (19) Å, b = 10.919 (2) Å, c = 18.958 (4) Å, and β =
101.77 (3)°. A total of 8938 (1) and 8430 (2) reflections were collected, 3671 (1) and
1903 (2) were unique.14 A complete list of the crystallographic data can be found in
Table 3.2. One atom (B11) in compound α−Ba2B7O12(OH) exhibited non-positive
definite anisotropic mean square displacements, so ISOR restraints were placed on this
atom in SHELTXL during the final refinement.14,31 The observed flack parameter of
0.026 for α−Ba2B7O12(OH) is in good agreement with the correct absolute structure. It is
noteworthy to mention that attempts to solve β−Ba2B7O12(OH) (2) in the P21 space group
and vices versa were unsuccessful, supporting our claim that they are indeed different
phases.
The structural building block of α−Ba2B7O12(OH) is an usually large
[B14O30(OH)2]-20 polyanion consisting of six trigonal planar borate groups and eight
tetrahedral borate groups. The polar polyanion link together as follows: BO4 tailorthogonal

rings

[B5O11(OH)]−BO3−BO4

branched

to

BO3

and

a

ring

[B3O7(OH)]−branched to BO4 and BO3−orthogonal rings forming an intertwined chain
linking to itself (Figure 3.8a). The average B−O bond distances in the trigonal planar
borate groups and the tetrahedral borate groups are 1.369 (10) Å and 1.474 (9) Å,
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respectively.32-33 Additional bond distances and angles are listed in Table 3.4 and Table
3.5. To our knowledge polyanions with fourteen boron atoms have been seen in only two
other

structures,

Rb3B7O12

and

a

portion

of

polyoxometalate
∙

Na2(H2en)2{(VO)10[B14O30(OH)2]2}{Mn4(C2O4)[B2O4(OH)2]2}Mn(H2O)2
(H3O)12(H2O)19.

In

Rb3B7O12

the

FBB

is

[B14O30]-18

built

from

<∆2□>–

<2∆□><∆2□>−<2∆□><∆2□>□, in other words, two set of orthogonal rings [B5O11] link
to six membered ring [B3O7] bridging to BO4 tail. This shorthand notation is proposed by
Hawthorne, Burns, and Grice.4,15 The borate framework forms a sheet structure with
voids where the Rb atoms reside. The structure of that borate polyanion is quite different
from that in α−Ba2B7O12(OH).34

In the polyoxometalate structure, [B14O30(OH)2]-20

forms a crown-like framework consisting of <∆2□><∆2□>∆<∆2□><∆2□>∆, meaning a
repeat of two sets of six membered rings branched to BO3.35

Although the FBB

nominally has exactly the same formula as in compound 1, the structures are vastly
different. At first glance it appears the FBB [B14O30(OH)2]-20 of α−Ba2B7O12(OH) is just
double the FBB [B7O16(OH)]-12 of β−Ba2B7O12(OH); however, upon further investigation
they are quite different.
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Figure 3.8: The fundamental building block of polymorphs a. α−Ba2B7O12(OH) (1) and
β−Ba2B7O12(OH) (2).
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The structure of β−Ba2B7O12(OH) (2) features a [B7O16(OH)]-12 polyborate anion
and three unique barium atoms. The overall FBB can be expressed as <∆2□>–<∆2□>∆□
which consists of four tetrahedral and three trigonal planar borate groups shown in Figure
3.8b.4,15 Because the polyanion [B14O30(OH)2]-20 in 1 is so large, a portion of that FBB is
made up of the FBB in β−Ba2B7O12(OH) (2) with different location of the hydrogen
atoms. In α−Ba2B7O12(OH) (1), there are two FBBs per unit cell which are related by 21
rotational symmetry and link along the [010] direction through bonding of B13−O2−B1,
B1−O3−B5 and B8−O7−B3 shown in Figure 3.9a. An example of the polarity in the
borate chains are represented by O13−H1 bonds pointing in the same direction (Figure
3.9a). Further connections of the FBBs are along [001] through B1−O1−B14 and
B9−O20−B12 bonding (Figure 3.9a) and along [100] through B9−O19−B13 and
B7−O15−B13 bonding (Figure 3.10a). In β−Ba2B7O12(OH), the FBB chains polymerize
to form sheets perpendicular to [100]. The FBB chains connect along [010] and [001]
directions leading to a sheet formation. Along [010] the FBB links to adjacent FBBs by
means of tail to head through bonding of B1−O2−B6. These chains are held together
along [001] by B2−O5−B7 and B1−O3−B3 bonding, completing the sheets (Figure 3.9b).
In this figure it is evident of the centrosymmetric packing with the directions of the
oxygen atoms on the tetrahedron tail pointing opposite of each other. The framework is
formed by B1-O1-B4 linkages between the sheets along [100] shown in Figure 3.10b.
The structure of α−Ba2B7O12(OH) (1) has a nine, two eleven, and one twelve
coordinated barium atoms (Table 3.6) that provide further connection between the FBBs
in all directions. The structure of β−Ba2B7O12(OH) (2) has a ten and eleven coordinate
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Figure 3.9: Connectivity of the borate chains along [100] for a. α−Ba2B7O12(OH) (1) and
β−Ba2B7O12(OH) (2).
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barium atoms located in the borate channels which extend down [010] (Figure 3.11b).
Due to the large complex borate framework of α−Ba2B7O12(OH) (1) does not form
channels large enough for the barium atoms to reside. A view of the full unit cell can be
seen in Figure 3.11a. In compound 1, Ba1 edge and corner share with Ba2 through
O2−O7 and O11, O1 and O22 bonding. Ba1 corner share with Ba4 through O25 and does
not share any oxygen atoms with Ba3 polyhedron. Ba2 atoms corner share oxygen atoms
with Ba3 and Ba4 through O9, O24 and O15. Ba3 atoms edge share through O10−O21
and corner share through O23, O13, O12, and O26 with Ba4 polyhedron. Ba1 in
compound 2 is located in a channel with itself which is coordinated to eleven framework
oxygen atoms while Ba2 and Ba3 occupies channels together which are coordinated to
ten framework oxygen atoms (Figure 3.11b). Ba1 corner shares with Ba2 through O6 and
O8 and does not share any oxygen atoms with Ba3 polyhedron. Ba2 edge and corner
share with Ba3 through O10−O12 and O5.
Two hydrogen atoms were assigned in compound 1 and one hydrogen atom was
assigned in compound 2 in order to satisfy charge balance and bond valence sums,
respectively. The unique hydrogen atoms H1 and H2 in 1 are located on O13 and O24 by
identifying these oxygen atoms as under-bonded (1.10 and 1.09 vu). The location of these
hydrogen atoms were identified from residual electron density 0.893 (4) Å and 0.922 (4)
Å away from O13 and O24, respectively. Hydrogen bonding does occur in this structure
such that the additional acceptor valence helps the bond valences for all the oxygen atoms
and help stabilize the borate framework. The weaker O13−H1···O14 (along [001]),
O13−H1···O19 (along [010]) and O24−H2···O14 (along [010]) hydrogen bonds are 2.48
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Å, 2.12 Å and 2.41 Å , respectively are reasonable if the oxygen atoms act as hydrogen
bond acceptors.36, 37 The hydrogen atom in 2 was assigned to O13 and the O−H bond
distance was confined to 0.89 Å corresponding to residual electron density near O13.
There appears to be very weak hydrogen bonding occurring through O13−H1···O8 and
O13−H1···O11 with acceptor distance of 2.20 Å and 2.48 Å, respectively.36,

37

hydrogen atoms are located in the borate channels along with the Ba2 and Ba3 atoms.
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The

Figure 3.10: Connectivity of the borate chains along a. [001] for
α−Ba2B7O12(OH) (1) and along [010] for β−Ba2B7O12(OH) (2).
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Figure 3.11: The overall packing of the barium atoms within the borate chains looking
down [001] for α−Ba2B7O12(OH) (1) and along [100] for β−Ba2B7O12(OH) (2).
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Table 3.4: Selected Bond Distances (Å) and Angles (°) for BO3 Groups in
Ba2B7O12(OH) (1).

[BO3] groups
Distances
4

B2-O4
B2-O5
B2-O64
B5-O3
B5-O11
B5-O1212
B7-O146
B7-O15
B7-O16
B9-O17
B9-O19
B9-O209
B10-O18
B10-O21
B10-O221
B14-O19
B14-O8
B14-O2612

1.351 (10)
1.360 (9)
1.371 (9)
1.360 (10)
1.362 (10)
1.365 (11)
1.393 (10)
1.375 (10)
1.376 (10)
1.358 (9)
1.380 (9)
1.357 (9)
1.361 (10)
1.381 (10)
1.365 (10)
1.363 (11)
1.399 (10)
1.359 (12)

Angles
4

O4 -B2-O5
O44-B2-O64
O5-B2-O64
O3-B5-O11
O3-B5-O1212
O11-B5-O1212
O15-B7-O16
O15-B7-O146
O16-B7-O146
O209-B9-O17
O209-B9-O19
O17-B9-O19
O18-B10-O221
O18-B10-O21
O221-B10-O21
O19-B14-O2612
O19-B14-O8
O2612-B14-O8

121.7 (7)
117.7 (6)
120.5 (7)
123.7 (8)
114.6 (7)
121.7 (7)
119.3 (7)
117.9 (7)
122.3 (7)
122.9 (7)
120.5 (7)
116.4 (6)
125.3 (8)
113.5 (6)
121.2 (7)
125.6 (7)
116.9 (8)
117.5 (7)

Symmetry codes: (1) x-1, y, z; (2) x+1, y, z; (3) x, y, z+1; (4) x+1, y, z-1; (5) -x-1, y+1/2,
-z+1; (6) -x-1, y+1/2, -z+2; (7) -x, y+1/2, -z+1; (8) -x, y+1/2, -z+2; (9) x, y, z-1; (10) -x1, y-1/2, -z+1; (11) -x, y-1/2, -z+; (12) -x, y-1/2, -z+; (13) -x-1, y-1/2, -z+2.
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Table 3.5: Selected Bond Distances (Å) and Angles (°) for BO4 Groups in
Ba2B7O12(OH) (1).

[BO4] groups
Distances
B1-O1
1.498 (8)
B1-O2
1.438 (10)
B1-O3
1.466 (10)
2
B1-O4
1.495 (9)
B3-O69
1.500 (10)
B3-O7
1.431 (10)
B3-O8
1.506 (9)
B3-O9
1.459 (9)
7
B4-O5
1.476 (10)
B4-O95
1.452 (10)
B4-O10
1.445 (11)
7
B4-O11
1.502 (9)
B6-O10
1.439 (9)
B6-O12
1.497 (9)
B6-O13
1.485 (9)
B6-O145
1.462 (10)
2
B8-O7
1.450 (10)
B8-O164
1.488 (8)
B8-O17
1.501 (9)
2
B8-O18
1.482 (10)
B11-O212
1.499 (9)
B11-O23
1.442 (10)
2
B11-O24
1.478 (10)
B11-O26
1.480 (10)
B12-O20
1.476 (10)
B12-O22
1.469 (9)
B12-O23
1.463 (10)
B12-O25
1.459 (9)
B13-O2
1.468 (10)
B13-O15
1.502 (9)
B13-O193
1.499 (9)
B13-O25
1.464 (9)

Angles
O1-B1-O2
O1-B1-O3
O3-B1-O42

107.2 (6)
109.4 (6)
106.4 (6)

O7-B3-O69
O8-B3-O69
O9-B3-O8

112.3 (6)
104.9 (6)
106.1 (6)

O57-B4-O10
O57-B4-O95
O10-B4-O117

108.2 (7)
112.8 (7)
113.3 (6)

O10-B6-O12
O10-B6-O13
O145-B6-O13

111.2 (6)
110.0 (6)
112.7 (7)

O72-B8-O164
O72-B8-O17
O182-B8-O17

107.5 (6)
110.2 (6)
107.2 (6)

O23-B11-O212
O242-B11-O212
O242-B11-O26

110.5 (7)
108.3 (5)
109.3 (7)

O22-B12-O20
O23-B12-O20
O25-B12-O23

105.6 (6)
109.5 (6)
108.5 (6)

O2-B13-O15
O2-B13-O193
O25-B13-O193

110.4 (6)
112.6 (6)
112.0 (6)

Symmetry codes: (1) x-1, y, z; (2) x+1, y, z; (3) x, y, z+1; (4) x+1, y, z-1; (5) -x-1, y+1/2,
-z+1; (6) -x-1, y+1/2, -z+2; (7) -x, y+1/2, -z+1; (8) -x, y+1/2, -z+2; (9) x, y, z-1; (10) -x1, y-1/2, -z+1; (11) -x, y-1/2, -z+; (12) -x, y-1/2, -z+; (13) -x-1, y-1/2, -z+2.
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Table 3.6: Selected Bond Distances (Å) and Angles (°) for Ba Atoms in
Ba2B7O12(OH) (1).

[BaO9] polyhedron
Distances
Ba4-O10
2.764 (5)
Ba4-O123
2.894 (5)
Ba4-O13
2.858 (5)
Ba4-O15
3.168 (6)
Ba4-O18
3.033 (5)
Ba4-O21
2.825 (5)
Ba4-O23
2.769 (5)
Ba4-O25
2.644 (5)
Ba4-O26
2.797 (5)

[BaO11] polyhedron
Distances
Ba1-O19
3.069 (5)
Ba1-O2
2.932 (5)
Ba1-O5
2.913 (6)
Ba1-O7
2.768 (5)
Ba1-O8
2.752 (5)
Ba1-O11
2.994 (6)
9
Ba1-O16
2.988 (5)
Ba1-O17
2.969 (5)
Ba1-O19
2.925 (5)
Ba1-O22
3.005 (5)
Ba1-O25
2.802 (5)
Ba3-O3
3.113 (5)
Ba3-O8
2.910 (5)
Ba3-O9
2.685 (6)
Ba3-O1010 2.868 (5)
Ba3-O1212 3.033 (5)
Ba3-O1312 3.136 (5)
Ba3-O14
2.885 (5)
10
Ba3-O21
3.045 (5)
Ba3-O2311 2.914 (5)
Ba3-O2413 2.877 (5)
Ba3-O2612 3.295 (6)

[BaO12] polyhedron
Distances
Ba2-O1
2.880 (5)
Ba2-O2
2.763 (5)
Ba2-O4
2.936 (5)
Ba2-O6
2.821 (5)
Ba2-O7
2.983 (5)
Ba2-O9
2.781 (5)
1
Ba2-O11
2.970 (5)
Ba2-O15
2.858 (5)
Ba2-O16
3.105 (5)
1
Ba2-O20
2.904 (5)
1
Ba2-O22
3.223 (6)
Ba2-O2413 3.130 (6)

Symmetry codes: (1) x-1, y, z; (2) x+1, y, z; (3) x, y, z+1; (4) x+1, y, z-1; (5) -x-1, y+1/2,
-z+1; (6) -x-1, y+1/2, -z+2; (7) -x, y+1/2, -z+1; (8) -x, y+1/2, -z+2; (9) x, y, z-1; (10) -x1, y-1/2, -z+1; (11) -x, y-1/2, -z+; (12) -x, y-1/2, -z+; (13) -x-1, y-1/2, -z+2.
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The Crystal Structure of Sr3B6O11(OH)2
The structure of Sr3B6O11(OH)2 was determined in the triclinic space group P ̅
with unit cell parameters of a = 6.6275 (13) Å, b = 6.6706 (13) Å, c = 11.393 (2) Å, α =
91.06 (3)°, β = 94.50 (3)° and γ = 93.12 (3)°. A total of 4794 reflections were collected,
of which 2034 were unique. Consecutive refinements resulted in an R1 value of 0.0273.
Additional crystallographic data and structure refinements are summarized in Table 3.2.
All non-hydrogen atoms were refined anisotropically. One atom (B1) exhibited nonpositive definite anisotropic mean square displacements, so restraints were placed on this
atom in the final refinement using the ISOR command of SHELXTL.31 This structure
consists of three crystallographically distinct strontium atoms and a [B6O11(OH)2]-6
polyanion. The shorthand notation proposed by Hawthorne, Burns, and Grice, can be
written as <3□>−<Δ2□>Δ which consists of a triangular tail attached to two
interlocking six-membered rings (Figure 3.12a).4,15
This structure has an analogous formula to Ba3B6O11(OH)2, synthesized by
McMillen through a direct hydrothermal reaction of K2B4O7 · 4H2O, H3BO3, Ba(OH)2 ·
H2O and 1M NaOH mineralizer solution. The structure of Ba3B6O11(OH)2 however was
determined in the non−centrosymmetric monoclinic space group Pc, with unit cell
parameters: a = 6.9580 (13) Å, b = 7.0240 (14) Å, c = 11.346 (2) Å and β = 90.10 (3)°.14
The structure of Ba3B6O11(OH)2 also has three crystallographically unique barium atoms
and a [B6O11(OH)2]-6 polyborate unit shown in Figure 3.12b. The FBBs of the both
compounds are identical in their constituent borates (with the interlocking rings built of a
BO3 group and four BO4 groups), but there are orientational differences in the polyborate
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anion. This is particularly evident in the directionalities of the B2−O4 and B5−O12 bonds
relative to the other atoms in the FBB.
The different metal cation connectivities for Sr vs Ba and the orientational
differences in the FBBs result in a different overall structure and packing arrangement in
both compounds. The B−O bond distances in the trigonal planar borate groups range
from 1.334 (5) − 1.414 (5) Å for both compounds, with an average of 1.382 Å
(Sr3B6O11(OH)2 ) and 1.378 Å (Ba3B6O11(OH)2 ), while the O–B−O angles range from
116.9 (8)° − 123.0 (8)°. Bond distances for the tetrahedral borate groups range from
1.420 (5) − 1.527 (5) Å with an average of 1.476 (Sr3B6O11(OH)2 ) and 1.474 Å
(Ba3B6O11(OH)2 ) with bond angles ranging from 104.5 (6)° − 113.0 (7)°. These are in
agreement with reported average B−O distances and O–B−O angles for structures with
both borate groups present.32-33 A complete list of selected bond distances and angles are
listed in Table 3.7. Both structures exhibit characteristic elongation in bridging
tetrahedral B−O bonds, as the trigonal planar boron atoms tend to pull shared oxygen
atoms away from the tetrahedral boron atom, possibly due to a small amount of π
bonding for the trigonal planar borates.
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Figure 3.12: Extended [B6O11(OH)2]-6 unit of a. Sr3B6O11(OH)2 and b. Ba3B6O11(OH)2 as
50 % probability thermal ellipsoids.
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Figure 3.13: Packing of the metal atoms within the borate chains looking down the b axis.
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The [B6O11(OH)2]-6 polyborate framework in the Sr3B6O11(OH)2 links to
neighboring FBBs through ring formation of B1−O3−B2−O4−B6−O2 to form chains that
polymerize in the [100] direction as shown in Figure 3.13. There are two chains per unit
cell that are related by an inversion center clearly visible in Figure 3.14a. The direction of
the borate bonds B1−O1 and B3−O7 pointing in different directions, results in a nonpolar
framework.38 The chains in Ba3B6O11(OH)2 likewise extend infinitely along [100] by
B1−O2−B6 and B2−O4−B6 bonding shown in Figure 3.13b. Approximately three
interlocking rings are formed that repeat as the chain propagates. There are two such
chains per unit cell, each related by the c glide perpendicular to the b axis. The chains are
mirror images of one another with respect to the b axis but maintain the same polarity
along [001], which is obvious in the directionality of the B5−O12 and B3−O7 bonds with
respect to the c axis shown in Figure 3.14b.
The strontium ions have two different coordination environments of eight and
nine. Atom Sr1 is coordinated to nine framework oxygen atoms with an average Sr−O
distance of 2.671 Å. Sr1−O12 has a longer bond of 3.263 (3) Å, resulting in a severely
distorted polyhedron (Table 3.8).39-40 Sr1 is corner sharing through O13 and edge sharing
through O1, O3, and O11 with Sr2. Sr1 is also edge sharing with Sr3 through O7−O9 and
O5−O12. Sr2 and Sr3 are eight coordinated polyhedra with an average bond distance of
2.620 Å, forming an irregular polyhedron.39 Sr2 and Sr3 do not share any oxygen atoms
with each other and are always separated by Sr1 atoms. On an interesting note, O4 is only
bonded to Sr1 and O10 is only bonded to Sr3. This type of oxygen bonding is not present
in Ba3B6O11(OH)2.
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Figure 3.14: a. Sr3B6O11(OH)2 centrosymmetric borate chains and b. Ba3B6O11(OH)2
non−centrosymmetric borate chains both along [100] direction.
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Table 3.7: Selected Bond Distances (Å) and Angles (°) for Sr3B6O11(OH)2.

[BO3] groups
B1-O15
B1-O26
B1-O38
B3-O5
B3-O7
B3-O82

Distances
1.335 (5)
1.414 (5)
1.407 (6)
1.403 (6)
1.334 (5)
1.398 (5)

Distances
B2-O3
1.507 (5)
B2-O4
1.420 (5)
2
B2-O5
1.526 (5)
B2-O6
1.450 (5)
B4-O6
1.445 (5)
B4-O8
1.517 (5)
9
B4-O9
1.485 (5)
B4-O10
1.456 (5)
B5-O9
1.452 (5)
B5-O11
1.491 (5)
B5-O12
1.507 (5)
B5-O135
1.462 (5)
B6-O2
1.527 (5)
10

B6-O4
B6-O106
B6-O13

1.430 (6)
1.453 (5)
1.489 (5)

Angles
O15-B1-O26
O15-B1-O38
O26-B1-O38
O5-B3-O7
O7-B3-O82
O5-B3-O82
[BO4] groups

118.4 (4)
122.3 (4)
119.2 (4)
119.8 (4)
121.4 (4)
118.8 (3)
Angles

O4-B2-O3
O6-B2-O3
O52-B2-O3

111.8 (3)
107.7 (3)
106.1 (3)

O6-B4-O99
O8-B4-O99
O10-B4-O99

111.2 (3)
106.4 (3)
111.0 (3)

O11-B5-O9
O12-B5-O9
O135-B5-O9

107.2 (4)
108.9 (3)
112.2 (3)

O410-B6-O13
O106-B6-O13
O2-B6-O13

106.6 (3)
111.7 (3)
108.6 (3)

Symmetry codes: (1) x, y+1, z; (2) −x+1, −y+1, −z+2; (3) −x+1, −y+1, −z+1; (4) x+1, y,
z; (5) −x, −y+1, −z+1; (6) −x, −y, −z+1; (7) −x, −y+1, −z+2; (8) x−1, y, z; (9) x, y−1, z;
(10) −x+1, −y, −z+1.
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Table 3.8: Selected Bond Distances (Å) and Angles (°) for Sr Atoms in Sr3B6O11(OH)2.

[SrO8]
Distances
Sr2-O1
2.548 (3)
5
Sr2-O1
2.656 (3)
6
Sr2-O2
2.734 (3)
Sr2-O2
2.639 (3)
Sr2-O3
2.727 (3)
Sr2-O6
2.465 (3)
Sr2-O11
2.686 (3)
Sr2-O13
Sr3-O5
Sr3-O7
Sr3-O81
Sr3-O87
Sr3-O9
Sr3-O107
Sr3-O12
Sr3-O127

[SrO9]
Distances
Sr1-O1
Sr1-O3
Sr1-O41
Sr1-O52
Sr1-O7
Sr1-O9
Sr1-O11
Sr1-O124
Sr1-O133

2.499 (3)
2.617 (3)
2.573 (3)
2.643 (3)
2.802 (3)
2.554 (3)
2.463 (3)
2.740 (3)
2.574 (3)

2.617 (3)
2.700 (3)
2.424 (3)
2.649 (3)
2.643 (3)
2.545 (3)
2.699 (3)
3.263 (3)
2.499 (3)

Symmetry codes: (1) x, y+1, z; (2) −x+1, −y+1, −z+2; (3) −x+1, −y+1, −z+1; (4) x+1, y,
z; (5) −x, −y+1, −z+1; (6) −x, −y, −z+1; (7) −x, −y+1, −z+2; (8) x−1, y, z; (9) x, y−1, z;
(10) −x+1, −y, −z+1.
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The barium ions have a more complicated structural arrangement; the
coordination environments. Ba1 forms a nine-coordinate polyhedron with an average
Ba−O bond distance of 2.817 Å but has a slightly longer Ba−O7 bond of 3.118 (6) Å.40
Ba1 is corner sharing through O2, O7, O8, and O10 with Ba2 and edge sharing through
O1−O4, O5−O13, and O7−O11 edges with Ba3 polyhedra. Ba2 forms an eight coordinate
polyhedron with an average Ba−O bond distance of 2.838 Å. Unlike in Sr3B6O11(OH)2,
Ba2 and Ba3 polyhedra are edge sharing through O3−O12 and O7−O9 edges as well as
corner sharing through O6. Ba3 is coordinated to ten framework oxygen atoms with an
average bond distance of 2.874 Å but has a longer Ba3−O1 bond of 3.245 (7) Å.40 In this
arrangement, O7 serves as a common vertex for all three unique Ba atoms. This common
oxygen vertex with all three unique Sr atoms is absent in Sr3B6O11(OH)2. Ba−O bond
distances range from 2.706 (7) to 3.245 (7) Å. Thus, in order to accommodate the larger
Ba2+ ions in this complex arrangement, the [B6O11(OH)2]-6 chain structure of
Ba3B6O11(OH)2 is slightly modified from that in Sr3B6O11(OH)2 and results in an overall
non−centrosymmetric arrangement.
Hydrogen atom assignment was necessary in order to satisfy charge balance and
bond valence considerations for both compounds. For Sr3B6O11(OH)2, the unique
hydrogen atoms H11 and H12 were assigned to O11 and O12 by identifying these oxygen
atoms as underbonded (1.15 and 1.22 v.u.). The hydrogen atoms were identified from
residual electron density 0.888 (3) and 0.966 (3) Å away from O11 and O12,
respectively. For Ba3B6O11(OH)2, two areas of residual electron density 0.939 (1) and
0.939 (0) Å away from both O11 and O12, were assigned as H11 and H12 to these
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respective oxygen atoms. Hydrogen bonding likely occurs in both structures. For
Sr3B6O11(OH)2, the weaker O12−H12···O7 hydrogen bond is 1.77 Å along the [001]
direction (for a total hydrogen bond length of 2.74 Å).36-37 Because of the slightly
different relative orientations of the hydroxyl groups in both compounds, the hydrogen
bonding in Ba3B6O11(OH)2 occurs between the chains by connecting the chains along the
[010] direction through O11−H11···O1 interactions. The H11···O1 bond distance is 1.93
Å with a total hydrogen-bond length of 2.87 Å.36-37 Both H12−O7 (Sr3B6O11(OH)2) and
H11−O1 (Ba3B6O11(OH)2) distances are reasonable if the oxygen atoms act as hydrogenbond acceptors. In fact, such a donor−acceptor relationship is helpful to satisfy the bond
valences for all oxygen atoms in question. The other hydrogen atoms H11 in
Sr3B6O11(OH)2 and H12 in compound Ba3B6O11(OH)2 do not appear to participate in
extended hydrogen bonding. The bond valence sums of both compounds is included in
Table 3.9 using the parameters of Brese and O’Keeffe.41
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Table 3.9: Bond Valence Sums for Sr3B6O11(OH)2.

O1

Sr1
0.26

O2

Sr2
0.31
0.23
0.25
0.19
0.19

O3
O4
O5
O6
O7
O8

0.21
0.44
0.21

O9
O10
O11
O12

0.32
0.21
0.05

0.22

O13
∑

0.22
2.14

0.36
2.14

Sr3

B1
1.10

B3

B4

B5

0.89
0.91
0.26

0.39
0.24

B2

0.69
0.88
0.75
0.81

0.29
0.24
0.16
0.31
0.39

∑
1.91

0.66

1.98

0.85
0.92
0.82
1.11
0.93

0.68
0.73
0.80

0.80
0.80
0.72
0.69

0.19
0.29
2.13

B6

2.90

3.12
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2.95

3.02

0.78
3.00

0.72
3.04

2.00
2.17
2.14
2.02
1.64
2.00
2.16
1.99
1.15
1.22
2.08

The powder XRD patterns of both compounds are compared to their simulated
patterns from the crystallographic data of Sr3B6O11(OH)2 and Ba3B6O11(OH)2 (Figure
3.15). The experimental pattern of Sr3B6O11(OH)2 are in agreement with the simulated
pattern except for one minor peak at approximately 25° associated with the LiBO2 phase.
The experimental pattern of Ba3B6O11(OH)2 is consistent with the simulated pattern,
indicating the purity of the sample. The experimental patterns are noticeably different
from each other, which supports the different space group determination. The infrared
spectrum (Figure 3.16) of Sr3B6O11(OH)2 exhibits a broad band at 3437 cm−1 to support
the presence of hydroxyl groups in the structure.42-44 The bands in the range of 1441 −
1333 cm−1 correspond to the B−O stretching vibrations of trigonal planar borate groups in
the presence of tetrahedral borate groups, whereas those in the range of 1116 − 692 cm−1
are attributable to the tetrahedral borate groups in the presence of trigonal planar borate
groups.42-44 Additional B−OH and B−O bending modes are present at 1220 and 476 −
406 cm−1, respectively.42-44 Peaks in the range of 1423 − 1370 and 1050 − 640 cm−1 are
characteristic for trigonal planar and tetrahedral borates, respectively in Ba3B6O11(OH)2.
The broad hydroxide band was also observed around 3360 cm−1. The B−OH and B−O
bending modes are in the same region as Sr3B6O11(OH)2 as expected. Thermogravimetric
analysis indicated a total weight loss of 2.7 % for Sr3B6O11(OH)2 and 3.2 % for
Ba3B6O11(OH)2 from 50 to 700 °C. Theoretical weight loss for water was 3.3 % for
Sr3B6O11(OH)2 and 2.6 % for Ba3B6O11(OH)2. These results reveal how unstable the
crystals are with respect to loss of water. We are not sure of the cause of the additional
minor weight loss in Sr3B6O11(OH)2, but decomposition of a hydroxylated crystal lattice
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with respect to water loss at moderate temperatures is not surprising. Combined with a
high thermo−optic coefficient associated with hydroxylated species, the potential
breakdown of these hydrated materials in high power systems that generate high
temperatures makes these species less desirable for optical applications.
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Figure 3.15: Powder XRD patterns of a. experimental data (black) compared to simulated
pattern (red) of Sr3B6O11(OH)2. b. experimental data (black) compared to simulated
pattern (red) of Ba3B6O11(OH)2.
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Figure 3.16: Infrared spectra of Sr3B6O11(OH)2 and Ba3B6O11(OH)2.
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The Crystal Structure of Li2Sr8B22O41(OH)2
Li2Sr8B22O41(OH)2 crystallizes in the triclinic space group P ̅ ,with a = 6.4684
(13) Å, b = 8.4513 (17) Å, c = 14.881 (3) Å, α =101.21 (3)°, β = 93.96 (3)°, γ = 90.67
(3)°. Consecutive refinements resulted in an acceptable R1 = 0.0477 based on the
observed data. Table 3.2 list the crystallographic data for this structure. Several atoms
(O7, O9, O12, O14, O17, B7, B8, B9, B10, B11) exhibited non−positive definite
anisotropic mean square displacements, so additional restraints were placed on these
atoms using the ISOR command of SHELXTL in the final refinement.31 To ensure the
observed ADPs of these atoms were not an artifact of potential K/Sr disorder, several
crystals were analyzed by EDX. EDX results revealed no K was present in the structure.
Crystallographic substitution of Li or K for Sr during test refinements always resulted in
higher R1 values. Any attempts to solve the structure in higher symmetry space groups
were unsuccessful, and a structure determination in space group P1 contained obvious
inversion symmetry and was converted to space group P ̅ . Thus it appears after multiple
data collection on different crystals, the observed anisotropic displacements and larger
e.s.d. values are a result of lower crystal quality due in part to the small selection of
crystals produced in the reaction. The unique hydrogen atom was assigned to O10 again
by identifying this oxygen atom as under−bonded (1.14 v.u.). The location of this
hydrogen atom was identified as residual electron density 1.02 Å away from O10.
At first glance, Li2Sr8B22O41(OH)2 and Sr2B5O9(OH) appear to have similar lattice
parameters, suggesting they may also possess significant structural similarities. However,
their symmetries are very different and the two compounds are comprised of borate
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building blocks that do differ greatly from one another, so the structures are easily
distinguished. The material Sr2B5O9(OH) was first synthesized by Giesber and
crystallizes in P21/c with unit cell parameters of a = 6.4970 (13) Å, b = 8.4180 (17) Å, c
= 14.177 (3) Å and β = 94.35 (3)°.13
The structure of Li2Sr8B22O41(OH)2 is composed of an unusually complex
[B10O19(OH)]-9 unit, an isolated [B2O5]-4 group, four unique strontium atoms, and one
distinct lithium atom. These are shown as thermal ellipsoids in Figure 3.17. The FBB in
this structure is a [B10O19(OH)]-9 unit that consists of six BO4 groups and four BO3
groups forming two pairs of interlocking rings with O11 bridging the pairs. The FBB can
be written as <2∆□>−<3□><3□>−<2∆□> according to the notation given by Hawthorne,
et al.4,15 While the first half of this FBB (containing B1 through B5) is similar to the
FBB of Sr2B5O9(OH), the second half of the FBB (containing B6 through B10) is
distinguished in that it does not possess a protonated oxygen atom.
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Figure 3.17: Extended asymmetric unit of Li2Sr8B22O41(OH)2 as 50% thermal ellipsoids.
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The average BO3 and BO4 bond distances are close to their expected values, 1.368
and 1.476 Å, respectively.32-33 Slightly elongated tetrahedral B−O bond distances are
observed for B4−O1 (1.545 (10) Å), B6−O19 (1.574 (10) Å) and B7−O17 (1.536 (9) Å),
where these oxygen atoms link to trigonal planar boron atoms in neighboring FBBs.
B5−O10 is also slightly elongated (1.524 (9) Å), as O10 is the protonated oxygen in the
structure. Connectivity of the [B10O19(OH)]-9 units occurs through the elongated B−O
bonds connecting three and four-coordinate boron atoms: B1−O1−B4 (along [100]),
B6−O19−B10 (along [100]) and B7−O17−B9 (along [001]). Linkages also occur through
B4−O8−B7 bonds (generally along [010]), where both B4 and B7 are both tetrahedral
boron atoms. Bond distances and angles for Li2Sr8B22O41(OH)2 are listed in Table 3.10.
Structural connections also occur through Li bonding with O15, O19, O14 and
O18 to continue the framework structure. This complex framework exhibits channels in
which the pyroborate (B2O5) groups lie. The full lithium borate framework including
these pyroborates is shown in Figure 3.18. These pyroborate groups are composed of two
B11 trigonal planar boron atoms sharing O22. The terminal oxygens O20 and O21 are
1.327 (10) and 1.363 (10) Å away from B11 while the length of the bridging oxygen O22
is slightly longer at 1.413 (7) Å. The small elongation in the bridging oxygen is typical
for pyroborate anions.45

The angles of O20−B11−O21, O21−B11−O22, and

O20−B11−O22 all total to 360° which supports the planarity of the B2O5 group. The Li
atom connects the pyroborate to the rest of the framework through O18−Li1−O20 and
O19−Li1−O20 bonding. The LiO5 polyhedron is a severely distorted trigonal bipyramid
due to one especially long bond (2.455 (14) Å), Li1−O18, opposite Li1−O15 which, at
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1.916 (14) Å, is a more typical Li-O bond distance. There is also some angular distortion
in these axial atoms (O15−Li1−O18 = 149.2°) as well as in the equatorial atoms where
O14−Li1−O20 is 114.1°, O20−Li1−O19 is 102.0° and O19−Li1−O14 is 138.7° rather
than an idealized 120°. This structure consists of both nine- and ten-coordinate strontium
atoms. The nine and ten coordinate Sr−O bond distances vary from 2.501 (6) − 2.937(5)
Å and 2.584(5) − 3.217(5) Å, respectively. These Sr−O bonds provide further
connectivity between the pyroborate groups and the FBB as well as connecting the FBB
to adjacent FBBs. Selected bond distances and angles for the metal atoms are listed in
Table 3.11. Unfortunately due to the presence of Li2Sr8B22O41(OH)2 as only a minor
reaction product, sufficient pure material for powder XRD and IR analysis were not
obtained even after successive synthetic reactions.
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Table 3.10: Selected Bond Distances (Å) and Angles (°) for Li2Sr8B22O41(OH)2.

[BO3] groups
Distances
B1-O1
1.349 (11)
B1-O2
1.353 ( 9)
B1-O3
1.392 (11)
B2-O3 11
1.414 (11)
B2-O4
1.305 (11)
B2-O5
1.390 (9)
B9-O15 8
1.334 (8)
B9-O17
1.399 (9)
B9-O18
1.380 (10)
B10-O16
1.363 (9)
B10-O18 8
1.385 (10)
B10-O19 1
1.365 (10)
B11-O20
1.327 (10)
B11-O21
1.363 (10)
B11-O22
1.413 (7)

Angles
O1-B1-O2
O1-B1-O3
O2-B1-O3
O3 11-B2-O4
O3 11-B2-O5
O4-B2-O5
O15 8-B9-O17
O15 8-B9-O18
O17-B9-O18
O16-B10-O18 8
O16-B10-O19 1
O18 8-B10-O19 1
O20-B11-O21
O20-B11-O22
O21-B11-O22

123.3 (7)
115.4 (6)
121.3 (7)
123.1 (7)
114.4 (7)
122.4 (7)
120.7 (7)
120.8 (7)
118.5 (6)
122.9 (7)
121.0 (7)
116.1 (6)
125.5 (6)
118.1 (6)
116.4 (6)

[BO4] groups
Distances
B3-O2
1.528 (10)
B3-O5 11
1.470 (10)
B3-O6
1.467 (9)
B3-O7
1.436 (9)
B4-O1 1
1.545 (10)
B4-O6
1.454 (9)
B4-O8 1
1.461 (8)
B4-O9
1.444 (8)
B5-O7 2
1.450 (9)
B5-O9 2
1.474 (8)
B5-O10
1.524 (9)
B5-O11
1.474 (10)
B6-O11
1.431 (8)
B6-O12
1.464 (9)
B6-O13
1.431 (8)
B6-O19
1.574 (10)
B7-O8 4
1.453 (9)
B7-O13
1.462 (8)
B7-O14
1.464 (8)
B7-O17 5
1.536 (9)
B8-O12
1.454 (8)
B8-O14
1.456 (8)
B8-O15
1.494 (9)
B8-O16
1.483 (9)

Angles
O7-B3-O6
113.6 (6)
O7-B3-O5 11
111.3 (6)
O7-B3-O2
107.6 (6)
O1 1-B4-O6
O1 1-B4-O8 1
O1 1-B4-O9

103.4 (5)
107.0 (6)
110.7 (6)

O7 2-B5-O9 2
O7 2-B5-O11
O7 2-B5-O10

113.4 (5)
107.0 (6)
111.6 (6)

O11-B6-O13
O11-B6-O12
O11-B6-O19

112.9 (5)
111.0 (6)
107.7 (6)

O8 4-B7-O13
O8 4-B7-O14
O8 4-B7-O17 5

111.7 (5)
106.3 (6)
110.1 (5)

O12-B8-O14
O12-B8-O16
O12-B8-O15

114.0 (5)
107.1 (6)
109.0 (5)

Symmetry codes: (1) x−1, y, z; (2)x+1, y, z; (3) −x+1, −y, −z; (4) x, y+1, z; (5) x+1, y+1, z; (6) x, y−1, z; (7)
x−1, y−1, z; (8) −x, −y, −z+1; (9) −x+1, −y+1, −z+1; (10) −x+1, −y, −z+1; (11) −x, −y, −z.
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Table 3.11: Selected Bond Distances (Å) and Angles (°) for Metal Atoms in
Li2Sr8B22O41(OH)2.

[LiO5] polyhedron
Distances
Angles
9
9
Li1-O14
1.945 (13)
O14 -Li1-O20 10
Li1-O15
1.916 (14)
O15-Li1-O20 10
10
Li1-O18
2.455 (14)
O15-Li1-O19
Li1-O19
2.016 (13)
O19-Li1-O14 10
10
Li1-O20
1.937 (13)
O15-Li1-O18 10
[SrO9] and [SrO10] polyhedra
Distances
Sr1-O2
2.790 (5)
Sr1-O4
2.708 (5)
Sr1-O7
2.633 (6)
Sr1-O9 2
2.937 (5)
Sr1-O10
2.913 (5)
Sr1-O11 1 2.608 (5)
Sr1-O12
2.583 (5)
Sr1-O16
2.650 (5)
Sr1-O21
2.546 (5)
Sr3-O2
2.670 (5)
6
Sr3-O4
2.584 (5)
Sr3-O6
2.600 (5)
Sr3-O8
2.652 (5)
7
Sr3-O13
2.934 (5)
Sr3-O14 6 2.688 (5)
Sr3-O16 6 2.901 (5)
Sr3-O17
2.747 (4)
Sr3-O18
3.217 (5)
Sr3-O21
2.667 (5)

114.1 (6)
110.8 (7)
90.7 (6)
138.7 (7)
149.2 (6)

Distances
Sr2-O1 4
2.634 (4)
3
Sr2-O1
2.834 (5)
Sr2-O3 3
2.541 (5)
Sr2-O4
2.715 (5)
Sr2-O5
2.501 (6)
Sr2-O6 5
2.807 (5)
4
Sr2-O8
2.748 (5)
Sr2-O10
2.508 (5)
Sr2-O13
2.493 (5)
Sr4-O9
2.525 (5)
1
Sr4-O11
2.745 (5)
Sr4-O12 1
2.786 (5)
Sr4-O17
2.618 (4)
1
Sr4-O19
2.727 (5)
Sr4-O20 1
2.503 (5)
8
Sr4-O20
2.583 (6)
Sr4-O21
2.676 (6)
Sr4-O22
2.845(1)

Symmetry codes: (1) x−1, y, z; (2)x+1, y, z; (3) −x+1, −y, −z; (4) x, y+1, z; (5) x+1, y+1, z;
(6) x, y−1, z; (7) x−1, y−1, z; (8) −x, −y, −z+1; (9) −x+1, −y+1, −z+1; (10) −x+1, −y,
−z+1; (11) −x, −y, −z.
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Figure 3.18: Lithium borate framework of Li2Sr8B22O41(OH)2 viewed off [100] (Sr atoms
omitted for clarity).
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The Crystal Structure of Sr3B5O9(OH)2F
The structure of Sr3B5O9(OH)2F was determined in the monoclinic space group
P21/c with unit cell parameters of a = 13.068 (3) Å, b = 7.7859 (16) Å, c = 11.036 (2) Å,
and β = 115.84 (3)°. A total of 9387 reflections were collected, of which 2073 were
unique. Consecutive refinements resulted in an R1 value of 0.0279. A complete list of the
crystallographic data is in Table 3.3. The fundamental building block is a common
pentaborate unit that can be described as <2Δ□>−<Δ2□>4,15 or two interlocking rings
sharing common oxygen atom (Figure 3.19a). There are three trigonal planar borate
groups with an average B−O bond distance and O−B−O bond angle of 1.372 (6) Å and
120.2 (4)°. The two tetrahedral borate groups have an average B−O bond distance and
O−B−O bond angle of 1.478 (6) Å and 110.6 (4)°. All of these bond distances and angles
correlate to reported values in the literature when both borate groups are present. 32,33
Selected bond distances and angles are listed in Table 3.12. The pentaborate FBBs are
symmetry related and do not directly bond to one another shown in Figure 3.19b. The
strontium atoms provide the connection between the FBBs.
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Figure 3.19: a. The building unit of [B5O9(OH)]-4. b. The isolated FBBs within the unit
cell along the [010] direction.
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There are two eight coordinate strontium atoms (Sr1 and Sr2) and one seven
coordinate strontium atom (Sr3) in this structure. The location of the strontium atoms
within the unit cell are shown in Figure 3.20a. Sr1 is bonded to eight oxygen atoms with
a Sr−O bond distance range of 2.518 (3) – 2.995 (4) Å. Sr1 edge share with Sr2 through
O1−O10 and O4−O6 and does not share any common oxygen atoms with Sr3. Sr2 is
bonded to seven oxygen atoms with a Sr−O bond distance range of 2.519 (3) – 2.739 (4)
Å and bonded to one fluorine atom with a Sr−F bond distance of 2.519 (3) Å. Sr2 edge
share with Sr3 through O5−F1 and corner share through O8. Sr3 is bonded to five oxygen
atoms and two fluorine atoms with a bond distance range of 2.513 (3) – 2.714 (3) Å and
2.452 (3) – 2.464 (3) Å, respectively. The strontium bond distances are listed Table 3.13.
The connections between the strontium atoms are shown in Figure 3.20b. The fluorine
atom was named not only based on the observed shorter bond distances to the strontium
atoms but also based on elemental analysis (EDX) and the calculated bond valence sum.
With F1 refined as an oxygen atom, the site was significantly under−bonded with valence
sum of 1.14 v.u. Refined as a fluorine atom gave a reasonable valence sum of 0.818 v.u.
The hydrogen atoms (H10 and H11) are located on tetrahedral B5 atom with a
O10−H10 bond distance of 0.887 (3) Å and O11−H11 with bond distance of 0.987 (4) Å.
Very weak hydrogen bonding does occur between the FBB pairs through O10-H10∙∙∙O7,
O11-H11∙∙∙O9 and O11-H11∙∙∙O11 with a H-acceptor distance of 1.986 Å, 2.413 Å, and
2.237 Å, respectively. These distances are in agreement with acceptor distances reported
in the literature.36,37
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Figure 3.20: a. The overall packing within the unit cell. b. The different strontium
coordination environments.

94

Table 3.12: Selected Bond Distances (Å) and Angles (°) for Sr3B5O9(OH)2F.

[BO3] groups
Distances
B1-O1
1.332 (6)

O1-B1-O2

4

120.2 (4)

B1-O24
B1-O3
B2-O2
B2-O41

1.393 (6)
1.374 (6)
1.410 (6)
1.318 (6)

O1-B1-O3
O24-B1-O3
O2-B2-O41
O2-B2-O52

121.3 (4)
120.2 (4)
118.9 (4)
115.7 (4)

B2-O52
B4-O74

1.396 (6)
1.405 (6)

B4-O85
B4-O9

1.339 (6)
1.378 (6)

O41-B2-O52
O74-B4-O85
O74-B4-O9
O85-B4-O9
[BO4] groups

125.4 (4)
122.6 (4)
117.7 (4)
119.7 (4)

Distances
B3-O3
1.475 (6)
B3-O5
1.502 (5)
4
B3-O6
1.450 (5)
8
B3-O7
1.490 (6)
B5-O6
1.472 (5)
6
B5-O9
1.480 (6)
B5-O10
1.487 (6)
7
B5-O11
1.464 (6)

Angles

Angles

9

9

O3 -B3-O5
O39-B3-O64
O64-B3-O78

111.4 (3)
109.5 (4)
112.2 (4)

O6-B5-O96
O6-B5-O10
O10-B5-O117

111.6 (4)
107.7 (4)
111.1 (4)

Symmetry code: (1) -x+1, -y, -z+2; (2) -x+1, y-1/2, -z+3/2; (4) x, -y+1/2, z+1/2; (5) -x+2,
-y, -z+3; (6) -x+2, y-1/2, -z+5/2; (7) x, -y+1/2, z-1/2; (8) -x+2, y+1/2, -z+5/2; (9) -x+1, y+1, -z+2.
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Table 3.13: Selected Bond Distances (Å) and Angles (°) for Sr Atoms in
Sr3B5O9(OH)2F.

[SrO8] polyhedra
Distances
Sr1-O1
2.525 (3)
Sr1-O11
2.591 (3)
Sr1-O2
2.518 (3)
Sr1-O3
2.646 (3)
1
Sr1-O4
2.995 (4)
7
Sr1-O4
2.635 (3)
Sr1-O6
2.532 (3)
Sr1-O10
2.655 (3)
Sr2-O1
2.566 (3)
Sr2-O4
2.519 (3)
Sr2-O5
2.654 (3)
4
Sr2-O6
2.648 (3)
Sr2-O8
2.549 (3)
Sr2-O10
2.723 (3)
Sr2-O11
2.739 (4)
Sr2-F1
2.519 (3)

[SrO7] polyhedron
Distances
6
Sr3-O5
2.707 (3)
Sr3-O7
2.714 (3)
Sr3-O8
2.513 (3)
5
Sr3-O8
2.648 (3)
Sr3-O9
2.571 (3)
Sr3-F1
2.452 (3)
Sr3-F16
2.464 (3)

Symmetry code: (1) -x+1, -y, -z+2; (2) -x+1, y-1/2, -z+3/2; (4) x, -y+1/2, z+1/2; (5) -x+2,
-y, -z+3; (6) -x+2, y-1/2, -z+5/2; (7) x, -y+1/2, z-1/2; (8) -x+2, y+1/2, -z+5/2; (9) -x+1, y+1, -z+2.
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The Crystal Structure of Two New Tetragonal Fluoroborates, RbSr16Ca11B12O35F21 ∙
1/2H2O (1) and CsSr17Ca10B12O35F21 ∙ 1/2H2O (2).
The

structures

of

RbSr16Ca11B12O35F21∙1/2H2O

(1)

and

CsSr17Ca10B12O35F21∙1/2H2O (2) crystallize in the tetragonal space group P4/mbm. The
crystallographic data for compounds 1 and 2 is presented in Table 3.3 which indicates
that they are isostructural. The structures contain three crystallographically independent
isolated trigonal planar borate groups. The isolated borate triangles are related by four
fold symmetry visible in Figure 3.21a. B1 is coordinated to two O2 atoms and one O1/F1
in which O1 occupies the site 75% and F1 occupies it 25%. The structure was refined
with this disorder to satisfy the thermal parameter, ensure charge balance and support the
shorter B−O1/F1 bond distance of 1.324 (6) Å in 1 and 1.343 (15) Å in 2. The B−O bond
distances and O−B−O bond angles range from 1.338 (19) – 1.395 (9) Å (1), 1.361 (17) –
1.387 (15) Å (2) and 118.8 (11) – 120.6 (7)° (1), 118.6 (5) – 122.8 (11)° (2). The borate
triangles bond angles are rather close to 120° which is ideal for trigonal planar geometry.
A complete list of the bond distances and bond angles for this structure can be found in
Table 3.14. A view along a in Figure 3.21b show the borate groups are aligned along the
b axis with B1 located along the cell edges.
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Figure 3.21: a. A view of the isolate triangle borate groups in the [001] direction. b. A
view of the isolate triangle borate groups in the [100] direction.
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There are two distinct nine coordinated calcium atoms. Ca1 is bonded to eight
oxygen atoms and one fluorine atom in which two of the oxygen atoms and fluorine atom
are O1 and F1 (75:25 occupancy). Ca2 bonds to five oxygen atoms and four fluorine
atoms in which one oxygen atom and one fluorine atom are O1 and F1. As expected the
Ca−F bond distances are much shorter than the Ca−O distances. The calcium atoms do
not share any oxygen atoms bonded to B2. The rubidium atom is bonded to seven O1/F1
atoms while cesium is bonded to eight with bond distances of 3.262 (11) Å for 1 and
3.295 (9) Å for 2. The alkali metal sites are half occupied and sit at the center of the a and
b cell edges shown in Figure 3.22. The two structures are different in that compound 1
has four fully occupied strontium atoms and one half occupied Sr/Ca atom while
compound 2 has five fully occupied strontium atoms. The Sr3/Ca3 site was disordered on
the basis of EDX analysis (Table 3.15) and optimizing the thermal parameters and R1
value. Sr1, Sr2, Sr3, and Sr4 are bonded to both oxygen and fluorine atoms while Sr5 is
bonded to only fluorine atoms in both structures. EDX analysis qualitatively supports the
small amount of alkali metal present in the structure with the atomic percentages of
1.30% for Rb and 1.03% for Cs. The Sr/Ca ratio in the elemental analysis for 1 is 1.34%
which is closely related to the actual Sr/Ca in the structure solution of 1.45%. The Sr/Ca
ratio in compound 2 is 1.30%, much lower than the actual ratio of 1.70%. The Sr/Ca
disorder may occur in the cesium structure if one considers the EDX results and the Sr3
bond distances are similar to what was observed in compound 1; however, the data
statistically did not support any amount of calcium at that site in compound 2. An image
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of the full unit is located in Figure 3.22. The bond distances for the metal atoms in these
structures are listed in Table 3.16.
The crystallized water sits in an area near the larger cations strontium and cesium.
The O1w atom is 25% occupied and refined isotropically. Although this structure is very
complex, unique, and crystallizes in an unusual tetragonal space, it is the only new
fluoroborate from our hydrothermal synthesis method in which the fluorine atoms is
directly bonded to the boron atom rather than a metal cation.

Figure 3.22: Packing of the metal atoms within the unit cell of 1 looking down the b axis.
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Powder XRD pattern in Figure 3.23a and 3.23b was used to confirm the reaction
was phase pure and the structure determination was correct. The experimental patterns is
in good agreement with the simulated patterns from the crystallographic data. Infrared
spectroscopy verified the nature of the borate groups and presence of water. Figure 3.24
show a broad band at 3527 cm-1 corresponding to the O−H in the structures. The bands
around 2503 and 2164 cm-1 are the O−H stretch because of hydrogen bonding.44 Only
trigonal planar borate group bands are present in the structures and the B−O stretches are
located in the range of 1470 − 1228 cm-1.42-44 Additional B−OH and B−O bending
modes are present around 874 − 602 cm-1.42-44
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Figure 3.23: Powder X-ray diffraction patterns of a. Experimental data (black) compared
to simulated pattern (red) for 1. B. Experimental data (black) compared to simulated
pattern (red) for 2.
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Figure 3.24: Infrared spectra of compound 1 and 2.
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Table 3.14: Selected Bond Distances (Å) and Angles (°) for RbSr16Ca11B12O35F21∙1/2H2O
(1) and CsSr17Ca10B12O35F21∙1/2H2O (2).

Distances
B1-O1/F1
B1-O2 x 2
B2-O3
B2-O4 x 2
B3-O5 x 2
B3-O6

(1)
1.324 (16)
1.383 (9)
1.338 (19)
1.365 (11)
1.395 (9)
1.355 (16)

[BO3] groups
(2)
Angles
1.343 (15)
O1/F1-B1-O2
1.386 (8)
O2-B1-O2
1.361 (17)
O3-B2-O4
1.367 (10)
O4-B2-O4
1.377 (9)
O5-B3-O5
1.387 (15)
O5-B3-O6

(1)
120.3 (5)
119.4 (10)
120.6 (7)
118.8 (13)
118.8 (11)
120.6 (5)

(2)
119.4 (5)
121.2 (10)
120.4 (6)
119.0 (12)
122.8 (11)
118.6 (5)

Table 3.15: Energy Dispersive X−ray Analysis (EDX) of RbSr16Ca11B12O35F21∙1/2H2O
(1) and CsSr17Ca10B12O35F21∙1/2H2O (2).
1
Element Average
Atomic %

Element

2
Average
Atomic %

OK

57.67

OK

55.39

FK

12.06

FK

11.37

Ca K

12.30

Ca K

14.05

Rb L

1.30

Cs L

1.03

Sr L

16.48

Sr L

18.16
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Table 3.16: Selected Bond Distances (Å) and Angles (°) for Metal Atoms in
RbSr16Ca11B12O35F21∙1/2H2O (1) and CsSr17Ca10B12O35F21∙1/2H2O (2).

Distances
Sr1-O2 x
Sr1-O3
2
Sr1-O5 x
Sr1-O6
2
Sr1-F6 x 2

(1)
2.563 (6)
2.563 (9)
2.583 (6)
2.575 (9)
2.664 (6)

Sr2-O3
Sr2-O4
Sr2-O4
Sr2-O5
Sr2-F2
Sr2-F4
Sr2-F5
Sr2-F6
Sr2-F6

2.723 (1)
2.530 (6)
2.541 (7)
2.778 (7)
2.802 (2)
2.661 (1)
2.628 (5)
2.602 (6)
3.028 (6)

Distances
Ca1Ca1-O2
O1/F1 x x3
Ca1-O6
x
4
2

(1)
2.294 (10)
2.440 (7)
2.564 (10)

Distances
Rb1-O1/F1 x 7

Strontium polyhedra
(2)
Distances
2.556 (6)
Sr3/Ca3-O3 x 2
2.542 (9)
Sr3/Ca3-O5 x 4
2.578 (6)
Sr3/Ca3-F5 x 2
2.579 (9)
2.654 (6)
Sr4-O4 x 4
Sr4-F4 x 2
2.728 (1)
Sr4-F5 x 2
2.534 (6)
2.536 (7)
Sr5-F2 x 2
2.799 (7)
Sr5-F4 x 4
2.798 (1)
2.654 (1)
2.609 (4)
2.603 (5)
3.038 (6)
Calcium polyhedra
(2)
Distances
2.290 (9)
Ca2-O1/F1 x 2
2.445 (6)
Ca2-O2
2.564 (9)
Ca2-O2
Ca2-O5
Ca2-O6
Ca2-F3
Ca2-F6
Ca2-F6
Alkali Metal polyhedra

(1)
2.554 (9)
2.545 (7)
2.443 (9)

(2)
2.538 (9)
2.581 (6)
2.428 (9)

2.556 (7)
2.601 (10)
2.521 (10)

2.560 (6)
2.617
2.521 (9)
(10)
2.442
2.566
(12)
(10)

2.420 (14)
2.578 (10)

(1)
2.452 (5)
2.411 (6)
2.510 (6)
2.443 (7)
2.388 (2)
2.467 (3)
2.309 (6)
2.548 (6)

Distances
Cs1-O1/F1 x 8

3.262 (11)
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(2)
2.437 (4)
2.400 (6)
2.519 (6)
2.424 (6)
2.391 (2)
2.467 (3)
2.304 (5)
2.540 (6)

3.295 (9)

Conclusions
Even though attempts to synthesize crystals of the well-known NLO material
β−BaB2O4 (BBO) were unsuccessful, a rich structural chemistry of hydrated alkali and
alkaline earth metal borate systems was discovered. Borates are more likely than other
building blocks to crystallize in a non−centrosymmetric space group; however,
non−centrosymmetricity is less common among inorganic structures in general and
evident in my research findings. From efforts to expand the exploratory descriptive
chemistry of the s-block metal borates, several new alkali and alkaline earth metal borates
have been prepared in hydrothermal synthesis conditions. As amphoteric oxides the
borates show good reactivity in basic solution, forming stable crystals of new materials.
Various centrosymmetric structures, Sr3B6O11(OH)2 and Li2Sr8B22O41(OH)2, were
synthesized and their structures were determined and characterized. The structure
Sr3B6O11(OH)2 consists of a large [B6O11(OH)2]−6 unit that polymerizes to create
independent borate chains. Despite the similar formulas of Sr3B6O11(OH)2 and
Ba3B6O11(OH)2, the two compounds have very different crystal structures with
Sr3B6O11(OH)2 forming in the centrosymmetric space group P ̅ and Ba3B6O11(OH)2
crystallizing in a non−centrosymmetric space group Pc. The larger alkaline earth metal
atoms also contribute to decidedly different packing within the unit cell. These subtle
differences in the orientation of the borate framework result in the very different space
groups for the two compounds. Another compound, Ba2B7O12(OH) crystallized in a
non−centrosymmetric space group P21 while a polymorph of Ba2B7O12(OH) crystallized
in centrosymmetric space group C2/c. The formation of both structures is dependent on
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the starting charge ratio and crystallization temperature. The structures consist of vastly
different fundamental building blocks that polymerize to form complex infinite borate
sheets. These results offer new insights into the crystal chemistry of a number of
hydrothermal borate systems.
The use of alkaline earths in the starting charge in these hydrothermal systems
most commonly leads to the incorporation of the alkaline earth ion as an integral part of
the structure whereas alkali metals in the mineralizer typically act as spectator ions as
observed in Sr3B6O11(OH)2 in this study and Sr2B5O9(OH) and Ba2B5O9(OH) in previous
studies. The obvious exception is the Li+ ion which has a significant effect on the
chemistry, as demonstrated here in the complex product Li2Sr8B22O41(OH)2. It is clear
that mixtures of Li+ and alkaline earth cations provide a route to a whole new class of
new compounds and structure types.
Crystals containing hydroxylated borates are relatively unstable to thermal
decomposition compared to anhydrous borates or those containing other coordinating
ions such as F−. The presence of hydroxyl groups typically results in a high thermo-optic
coefficient which can affect phase matching or in a worst-case scenario result in
decomposition of the crystal at higher operating temperatures. This makes them poor
candidates for nonlinear optical crystals or laser host materials. The attempts to alleviate
the problems of the hydroxyl groups by replacing them with fluoride ions was not as
successful as synthesizing non−centrosymmetric Sr3B6O11F2 similar to centrosymmetric
Sr3B6O11(OH)2, but the borate fluoride/fluoroborate results prove we are one step closer
to achieving our goal of discovering new NLO materials. The richness of the structural
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chemistry of metal borates allows small changes in the reaction conditions to lead to new
products; therefore, exploratory research will be continue in synthesizing new
non−centrosymmetric materials and eliminating the hydroxyl group from the crystal
lattice by introducing smaller metal cations, mixing transition metals with group 1 and 2
metals, or mixing acentric oxyanions such as [SiO4], [CO3], and [PO4] with borates.
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CHAPTER FOUR
HYDROTHERMAL CRYSTAL GROWTH OF CALCIUM BORATES

Introduction
The alkaline earth metal borates have been extensively studied due to the
structural variety and complexity of the crystal chemistry resulting in a plethora of new
structures. Since the discovery of commercially important β−BaB2O4 (BBO), barium and
strontium bearing borate compounds have been the main focus of crystal growth research
in hopes of synthesizing new materials with similar or better optical properties than BBO.
The versatility of the descriptive chemistry of alkali and alkaline earth metal borate
structures has been appreciated throughout our group with the hydrothermal synthesis of
several new borates structures, Ba2B7O12(OH), Ba3B12O20(OH)2, Sr2B5O9(OH)1,
Ba2B5O9(OH)1,

Sr3B6O11(OH)22,

Ba3B6O11(OH)22,

Sr3Be2B5O12(OH)23,

Ba3Be2B5O12(OH)23, and Li2Sr8B22O41(OH)21 to name a few. Despite the richness of the
crystal chemistry of metal borates, the problem that we encounter with materials grown in
aqueous solution using larger alkaline earth metals (strontium and barium) is the
production of hydrated structures. The larger metal causes the borate framework to create
larger areas for the metals to occupy, leaving room for hydroxyl groups to also enter the
lattice. Hydroxides are undesirable in laser crystals because they easily decompose,
decreasing the crystal stability and damage threshold. We anticipate using a smaller
metal, calcium would result in a more compact borate building block preventing the
hydroxyl from becoming a part of the crystal lattice.
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Calcium borate structures are known, both natural and synthetic, they are most
commonly formed as hydrated compounds.4

Common naturally occurring calcium

borates which colemanite, CaB3O4(OH)2 · H2O,5 priceite, Ca2B5O7(OH)5 · H2O,6 inyoite
CaB3O3(OH)5 · 4H2O,7 and ulexite, a mixed sodium−calcium borate of NaCaB5O6(OH)6
· 5H2O.8 These minerals were extracted primarily in California and Turkey and to a lesser
degree in Argentina, Chile, China and Peru.9 Mineral deposits in some geographical
regions are dependent on the temperature of crystallization, rate of cooling and chemical
composition. Colemanite and ulexite occur in larger deposits in Turkey, where they have
commercial uses such as heat resistant glass and cosmetics.9 A survey of the literature
revealed two anhydrous lithium calcium borate and seven calcium borate crystal
structures; LiCaBO3,10 Li4CaB2O6,11 Ca3B2O6,12 CaB2O4,13 Ca2B2O5,14 CaB6O10,15
α−CaB4O7,16 and β−CaB4O7.17 There are no anhydrous strontium calcium borates in the
database. We attempt to expand this system by exploring the descriptive chemistry of
LiOH−H3BO3−Ca(OH)2 and SrCO3−HBO2−CaCO3 phase spaces in hydrothermal fluids,
hoping to isolate new phases and/or polymorphs. In this chapter, we describe the
synthesis and structural characterization of Li2CaB4O8, a new phase of Ca2B2O5 and
Sr0.6Ca1.4B2O5. These are compared to known calcium borate structures, in particular the
previously reported phase of Ca2B2O5 prepared from a flux growth using
CaF2−H3BO3−Na2CO3 at high temperatures14 and previous discovered mixed alkaline
earth pyroborate structures.
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Hydrothermal Synthesis
The synthesis of several calcium containing phases are presented herein. All the
structures presented in this chapter were synthesized in a two−step process where a
standard solid state melt was made then recrystallized using different types and
concentrations of mineralizers under hydrothermal conditions. Single crystals of
Li2CaB4O8

and

β−Ca2B2O5

were

formed

by

spontaneous

nucleation

using

LiOH−H3BO3−Ca(OH)2 melt as the starting material. This starting material was prepared
from a mixture of powders of LiOH (Aldrich, 98+%), Ca(OH)2 (Baker and Adamson,
reagent grade), and H3BO3 (EMD, ACS grade) in a molar ratio of 2:1:4. The powders
were thoroughly mixed and heated in a platinum crucible at 950 °C for 18 hr in air
producing an opaque crystalline feedstock starting material.
Exploration of this phase space began by using a variety of hydroxide and
chloride mineralizer solutions. These solutions were chosen because they tend to form
interesting new phases in previous descriptive chemistry reactions. Figure 4.1 shows the
results of all of the mineralizer solutions explored. Crystals of Li2CaB4O8 formed phase
pure as colorless polyhedra (Figure 4.2) using deionized H2O at 605°C for 6 days
producing a pressure of 22 kpsi. Using the same starting material and reaction conditions
along with 1M NaOH solution, produced a new polymorph β−Ca2B2O5 as colorless
needles (Figure 4.2) in approximately 85% yield. These two new phases Li2CaB4O8 and
β−Ca2B2O5 were produced with other mineralizers; however, deionized H2O and 1M
NaOH, respectively were the optimal solutions.Within these reactions, known phases
CaB2O4 and γ−LiBO2 were also present.
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Feedstock for crystal growth of Sr0.6Ca1.4B2O5 was synthesized from a solid state
melt of “SrCaBOF” which was discussed in Chapter 3. The structure of this new mixed
alkaline earth pyroborate Sr0.6Ca1.4B2O5 grew using 1M NaF at 606 °C for 6 days
generating 21 kpsi of pressure. The crystals formed as small colorless rods (Figure 4.2) in
40 % yield, with the majority of the product being microcrystalline powder identified as a
mixture of the known α−Ca2B2O5 and Sr2B2O5 phases. Unfortunately, the rods were too
small to isolate a sufficient amount for further characterization. A summary of
mineralizer solutions utilized and products formed for this starting material are listed in
Chapter 3.
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Figure 4.1: Reaction summary of various mineralizer solutions using “LiCaBO” starting
material.
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Figure 4.2: Hydrothermally grown crystals of Li2CaB4O8, a new phase of Ca2B2O5 and
Sr0.6Ca1.4B2O5.
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Table 4.1: Crystallographic Data of Calcium Borates.
Empirical Formula
Formula weight
Space group

Li2CaB4O8
225.20
P ̅ (no. 2)

Ca2B2O5
181.78
P21/c (no. 14)

Sr0.6Ca1.4B2O5
210.30
P21/c (no. 14)

a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
Z
Dcalc, Mg/m3

7.0432 (14)
8.7603 (14)
10.283 (2)
77.86 (3)
71.85 (3)
71.69 (3)
567.9 (2)
4
2.634

3.5562 (7)
6.3499 (13)
19.311 (4)
90
92.52 (3)
90
435.7 (2)
4
2.772

3.6740 (7)
5.2291 (10)
11.651 (2)
90
92.72 (3)
90
223.6 (7)
2
3.124

Parameters
μ, mm-1
θ range, °
Reflections
Collected
Independent
Observed [I≥2σ(I)]
R (int)

271
1.114
3.29−25.99

83
2.530
3.38−26.02

65
8.857
3.50−25.97

5342
2235
1497
0.0530

3696
850
712
0.0951

1293
375
293
0.0575

0.0450
0.0855

0.1357
0.3398

0.0664
0.1535

0.0773
0.1006

0.1476
0.3453

0.0826
0.1777

Final R (obs. data)a
R1
wR2
Final R (all data)
R1
wR2

Goodness of fit on F2
1.055
1.209
1.120
Largest diff. peak, e/Å3
0.466
3.167
0.983
3
Largest diff. hole, e/Å
-0.660
-1.305
-0.613
a
R1 = [∑||F0| - |Fc||]/∑|F0|; wR2 = {[∑w[(F0)2 – (Fc)2]2]}1/2
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The Crystal Structure of Li2CaB4O8
The structure of Li2CaB4O8 was determined in the triclinic space group P ̅ ,
having unit cell parameters of a = 7.0432 (14) Å, b = 8.7603 (18) Å, c = 10.283 (2) Å, α
=77.86 (3)°, β = 71.85 (3)° and γ = 71.69 (3)°. Consecutive reﬁnements resulted in a ﬁnal
R1 value of 0.045 based on the observed data. Additional crystallographic data and
structure refinements are summarized in Table 4.1. A search for additional symmetry was
done using the PLATON for Windows software package which suggested no additional
symmetry change.18
The structure is built from a [B8O18]-12 polyanion, two unique calcium atoms, and
four distinct lithium atoms. The borate building block is constructed from four trigonal
planar borate groups and four tetrahedral borate groups connecting to form three sets of
interlocking rings with a triangular borate tail visible in Figure 4.3. The building block
can be written to represent the sequence of connection between the borate groups:
<∆2□>–<∆2□>−<∆2□>∆.19,20 The B−O bond distances in the trigonal planar borate
groups range from 1.329 (6) − 1.401 (5) Å with an average of 1.368 (6) Å, while the
O−B−O angles range from 117.9 (4) − 121.5 (4)°. Bond distances for the tetrahedral
borate groups range from 1.448 (5) − 1.506 (5) Å with an average of 1.474 (5) Å and
bond angles from 104.2 (3) − 112.5 (4)°. These are in good agreement with reported
average B−O distances and O−B−O angles for structures consisting of both borate
groups.21,22 Additional bond distances and angles are located in Table 4.2. Characteristic
elongation of the bridging tetrahedral B−O bonds is present as a result of the trigonal
planar boron atoms pulling the shared oxygen atoms away from the tetrahedral boron
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Figure 4.3: The [B8O18]12- polyanion of Li2CaB4O8.
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atoms.
The [B8O18]-12 polyborate unit connects down the b axis and connects to
neighboring FBBs through bonding of O1 and O4 atoms which forms infinite chains of
interlocking rings down the b axis (Figure 4.4a). There are approximately two chains per
unit cell which are related by inversion symmetry. The adjacent chains do not directly
link to one another and form layers in the ac plane shown in Figure 4.4b. This [B8O18]-12
polyborate anion is also found in the structure of previously reported α−CaB4O7 which is
composed of four trigonal planar and four tetrahedral borate groups.16 The FBB can be
written as <2∆□><∆2□>=<∆2□>□ and described as a six membered ring linked to two
rings joined through common vertices with a tetrahedral borate tail; clearly different from
Li2CaB4O8.19,20 The FBB in α−CaB4O7 creates a three−dimensional framework with
voids where the calcium atoms reside.16 The remaining known lithium−calcium or
calcium borate building blocks are not as complex as in Li2CaB4O8 or α−CaB4O7. The
structure of CaB6O10 is built of [B6O13]-8 unit, or two six membered rings of [B3O7]-5
linking through common oxygen atoms.15 Isolated trigonal planar borate groups make up
the structures of LiCaBO3, Li4CaB2O6 and Ca3B2O6.10-12 The structure of CaB2O4 is
composed of corner sharing [BO3] groups while corner sharing [BO4] groups make up
β−CaB4O7.13,17

121

Figure 4.4: a. Borate chains connections down the b axis. b. Layer formation of the borate
chains in the ac plane and location of the metal atoms.
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Further structural connections occur through lithium bonding to framework
oxygen atoms. The structure consists of two LiO6 octahedra and two LiO5 polyhedron.
Li1 is coordinated to five oxygen atoms forming a distorted square pyramidal with four
normal Li−O bond distances ranging from 1.958 (9) − 2.354 (8) Å with one long bond
Li1−O8 of 2.591 (0) Å. A view along the b axis in Figure 4.5b show Li1 residing
between the layers connecting adjacent layers to each other. Li1 atom corner shares
through O9 and O8 to Li2 and Li3 atoms, respectively. Neither Li1 or Li2 atoms share
any oxygen atoms with Li4 atom. The Li2 atom sits in the same plane as the borate chain
layers and connect to six oxygen atoms forming an octahedron. The Li−O bond distances
for Li2 range from 2.044 (8) − 2.234 (9) Å. The Li3 atom also connectsto six framework
oxygen atoms while Li4 atom connects to five oxygen atoms both sitting along the cell
edges down the b axis. The view along b shows that Li3 atom sits in the same plane as
the borate layers but Li4 atom resides between the borate chains connecting adjacent
layers. The Li−O bond distances for Li3 range from 2.027 (8) − 2.302 (9) Å and 1.971
(10) − 2.457 (10) Å for Li4. Li4 atom has two elongated Li−O bonds Li4−O1 of 2.457
(10) Å and Li4−O7 2.430 (10) Å forming a distorted trigonal bipyramid. Li3 atom edge
share with Li4 atom through O1−O5. Both calcium atoms connects to seven oxygen
atoms with Ca−O bond distances ranging from 2.344 (3) − 2.538 (3) Å. Both calcium
atoms sit between the borate layers providing additional connectivity of the borate
framework. Ca1 atom edge share with Ca2 atom through O2−O11 (Figure 4.4b). A
complete list of bond distances of lithium and calcium is found in Table 4.3.
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Powder XRD pattern in Figure 4.5 was used to confirm the reaction product was
phase pure and the structure determination was correct. The experimental pattern is in
good agreement with the simulated pattern. Infrared spectroscopy verified the nature of
the borate groups. Figure 4.6 show the trigonal planar borate group bands are located in
the range of 1399 − 1252 cm-1 while the tetrahedral borate group bands are in the range
of 1100 − 940 cm-1.23-25 Additional B−O and B−O−B bending modes are present at 555
cm-1 and 702 cm-1, respectively.23-25
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Table 4.2: Selected Bond Distances (Å) and Angles (°) for Li2CaB4O8.

[BO3] groups
Distances
B1-O1
1.388 (6)
B1-O2
1.333 (6)
B1-O36
1.383 (5)
B3-O5
1.401 (5)
B3-O7
1.329 (6)
B3-O8
1.367 (6)
B5-O97
1.388 (5)
B5-O11
1.329 (6)
B5-O12
1.389 (6)
B7-O14
1.395 (6)
B7-O15
1.343 (6)
B7-O16
1.371 (5)
Distances
B2-O39
1.503 (5)
B2-O49
1.454 (6)
B2-O59
1.496 (5)
B2-O6
1.462 (5)
B4-O61
1.469 (5)
B4-O8
1.478 (6)
B4-O9
1.493 (6)
B4-O10
1.449 (6)
B6-O10
1.474 (5)
7
B6-O12
1.477 (6)
B6-O13
1.474 (6)
B6-O144
1.484 (6)
B8-O1
1.506 (5)
B8-O46
1.448 (5)
B8-O135
1.448 (6)
B8-O1610 1.466 (6)

Angles
O1-B1-O2
O1-B1-O36
O2-B1-O36
O5-B3-O7
O5-B3-O8
O7-B3-O8
O97-B5-O11
O97-B5-O12
O11-B5-O12
O14-B7-O15
O14-B7-O16
O15-B7-O16
[BO4] groups
Angles
O39-B2-O49
O39-B2-O59
O59-B2-O6
O61-B4-O8
O61-B4-O9
O9-B4-O10
O10-B6-O127
O10-B6-O13
O13-B6-O144
O1-B8-O46
O1-B8-O135
O135-B8-O16

119.9
119.5
(4)
120.3
(4)
118.9
(4)
117.9
(4)
122.8
(4)
121.5
(4)
119.6
(4)
118.7
(4)
118.1
(4)
120.0
(4)
121.5
(4)
(4)
110.4
104.2
(3)
111.8
(3)
(3)
111.3
107.9
(4)
112.5
(3)
(4)
110.6
109.0
(3)
111.4
(3)
(3)
111.7
108.7
(4)
112.2
93)
(4)

Symmetry codes: (1) x+1, y, z; (2) x, y+1, z; (3) -x+1, -y+1, -z+1; (4) -x+2, -y+1, -z+1;
(5) -x+1, -y+1, -z+2; (6) -x+1, -y+2, -z+2; (7) -x+1, -y+2, -z+1; (8) -x, -y+2, -z+2; (9) x1, y, z; (10) x-1, y, z+1; (11) -x+2, -y+2, -z+1; (12) x, y-1, z; (13) x+1, y, z-1; (14) -x, y+3, -z+2.
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Table 4.3: Selected Bond Distances (Å) and Angles (°) of Metal Atoms in Li2CaB4O8.

[LiO5] and [LiO6] Polyhedra
Distances
Li1-O87
2.591 (9)
Li1-O97
2.188 (10)
Li1-O117
2.354 (8)
Li1-O127
2.123 (8)
Li1-O15
1.958 (9)
11
Li2-O4
2.234 (9)
Li2-O67
2.096 (9)
Li2-O911
2.210 (8)
Li2-O127
2.112 (9)
Li2-O144
2.101 (8)
Li2-O16
2.046 (8)

Distances
Li3-O12
2.302 (9)
Li3-O3
2.027 (8)
Li3-O5
2.120 (8)
Li3-O86
2.049 (9)
Li3-O106
2.201 (8)
6
Li3-O13
2.050 (8)
Li4-O18
2.176 (10)
Li4-O12
2.457 (10)
Li4-O22
1.999 (10)
Li4-O5
1.971 (10)
Li4-O7
2.430 (10)
[CaO7] Polyhedra

Distances
Ca1-O2
2.390 (3)
Ca1-O412 2.415 (3)
Ca1-O11
2.409 (3)
Ca1-O13
2.420 (3)
Ca1-O143 2.538 (3)
Ca1-O15
2.349 (3)
Ca1-O153 2.473 (3)

Distances
Ca2-O2
2.434 (3)
Ca2-O36
2.722 (3)
Ca2-O6
2.405 (3)
Ca2-O7
2.385 (3)
Ca2-O78
2.355 (3)
Ca2-O109
2.419 (3)
Ca2-O11
2.344 (3)

Symmetry codes: (1) x+1, y, z; (2) x, y+1, z; (3) -x+1, -y+1, -z+1; (4) -x+2, -y+1, -z+1;
(5) -x+1, -y+1, -z+2; (6) -x+1, -y+2, -z+2; (7) -x+1, -y+2, -z+1; (8) -x, -y+2, -z+2; (9) x1, y, z; (10) x-1, y, z+1; (11) -x+2, -y+2, -z+1; (12) x, y-1, z; (13) x+1, y, z-1; (14) -x, y+3, -z+2.
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Figure 4.5: Powder X-ray diffraction pattern of the experimental data of Li2CaB4O8
(black) compared to simulated data (red).
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Figure 4.6: Infrared spectrum of Li2CaB4O8.
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The Crystal Structure of Polymorph β−Ca2B2O5
The structure of β−Ca2B2O5 was solved to a ﬁnal R1 value of 0.136 in monoclinic
space group P21/c, with a = 3.5562 (7) Å, b = 6.3499 (13) Å, c = 19.311 (4) Å and β =
92.52 (3)°. Additional crystallographic data and structure refinements are summarized in
Table 4.1. Unfortunately, after collecting data on seven different crystals and numerous
attempts to improve the refinement, the needle morphology of the crystal prevented a
suitable dataset with an acceptable R1 value. The best R1 value for this material is rather
large, however we are confident in the structure solution, especially with confirmation
from powder XRD and IR spectroscopy. The structure is composed of a pyroborate group
[B2O5]-4 and two crystallographically distinct calcium atoms. The pyroborate group is
made of two trigonal planar borate groups linking through sharing O3 atom (Figure 4.7).
The average trigonal planar B−O bond distance is 1.38 (2) Å and O−B−O angles range
from 113.0 (17) – 126.6 (17)°. These are in agreement with reported average B−O
distances and O−B−O angles for trigonal planar borate groups.21,22 The bridging B−O
bonds in the pyroborate groups are characteristically longer at 1.44 (2) Å for B1−O3 and
B2−O3 bonds. Selected bond distances and angles are listed in Table 4.4. Within the
pyroborate group, the triangle borate groups do not exhibit any distortion within their
units, but the B1−O3−B2 linkage is bent with an angle of 132.7°. The pyroborate groups
are related by translational symmetry and aligned along the ac plane. The pyroborate
groups do not directly bond to one another, the calcium polyhedra provide that
connection between neighboring groups. The calcium atoms have two different
coordination environments, CaO6 and CaO7 with bond distances ranging from 2.337 (13)
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Figure 4.7: The [B2O5]-4 unit of a. new Ca2B2O5.
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– 2.421 (12) Å and 2.304 (12) – 2.634 (14) Å, respectively. The six coordinate Ca1 atom
edge share with the seven coordinate Ca2 atom through O1 and O4 (Figure 4.8a).
Comparing this product to the known α−Ca2B2O5 phase, both structures
crystallize in the same space group P21/c but with different unit cell parameters. The
previously reported α−Ca2B2O5 cell parameters are a = 7.234 (3) Å, b = 5.181 (1) Å, c =
11.524 (3) Å and β = 92.94 (3)° compared to a = 3.5473 (7) Å, b = 6.3496 (13) Å, c =
19.294 (4) Å and β = 92.40 (3)° for the new beta polymorph.14 In both structures the
pyroborate groups are related by translational symmetry and aligned along the ac plane.
In the alpha phase, the bridging B−O bond distances are elongated at 1.433 (2) − 1.410
(2) Å and the other B−O distances corresponds to the typical trigonal planar borate bond
distances ranging from 1.349 (2) − 1.360 (2) Å.14 The angle between the bridging
B1−O5−B2 is slightly wider at 138.0° than the new polymorph and can be attributed to
the longer a axis resulting in a less compact structure.14 Also in the new polymorph, the
length of the a axis is nearly half the length of the a axis in the known phase and the
length of the c axis is almost double; therefore, all of the pyroborate groups in the new
polymorph is position so that half sits in the unit cell and the other half in the neighboring
unit cells. Figure 4.8b and 4.8c compares the location of the pyroborate groups in the new
phase to the previous phase, which has whole pyroborate groups as well as shared groups
with neighboring unit cells. Similar to the new polymorph, the calcium atoms coordinate
to six and seven oxygen atoms with Ca−O bond distance range of 2.303 (1) − 2.422 (1) Å
and 2.289 (1) − 2.648 (1) Å.14 Despite the similarities, there are differences in the
positions of the pyroborate relative to the calcium atoms in the structures, owing to the
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Figure 4.8: a. Calcium atoms coordination environments b. packing of the calcium atoms
comparison of b. new Ca2B2O5 c. literature Ca2B2O5.
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different unit cell parameters.
To confirm that the structure of β−Ca2B2O5 is indeed a new phase and not a result
of a poor quality crystal, powder XRD was performed. The experimental pattern is a
good match to the simulated pattern from the crystallographic data supporting our
structure solution. The experimental pattern is not in agreement with the pattern of the
known phase in the literature. The powder XRD patterns in Figure 4.9 show that the new
β−Ca2B2O5 is definitely a different phase than the previously reported α−Ca2B2O5. The
infrared spectrum in Figure 4.10 identified the trigonal planar borate groups present in
this structure. The bands in the range of 1360 − 1200 cm-1 are characteristic of the B−O
stretching vibrations of trigonal planar borate groups.23-25 Additonal B−O−B and B−O
bending modes are located at 719 cm-1 and 634 − 624 cm-1, respectively.23-25
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Table 4.4: Selected Bond Distances (Å) and Angles (°) for Ca2B2O5.

[BO3] group
B1-O1
B1-O2
B1-O3
B2-O3
B2-O4
B2-O5

Distances
1.35 (2)
1.33 (2)
1.44 (2)
1.44 (2)
1.32 (3)
1.36 (2)

O1-B1-O2
O1-B1-O3
O2-B1-O3
O3-B2-O4
O3-B2-O5
O4-B2-O5

Angles
122.6 (17)
119.3 (17)
117.7 (16)
113.0 (17)
120.1 (17)
126.6 (17)

[CaO6] and [CaO7] polyhedra
Distances
Distances
Ca1-O1
2.337 (13)
Ca2-O1
2.383 (13)
Ca1-O11
2.341 (13)
Ca2-O2
2.634 (14)
Ca1-O43
2.346 (13)
Ca2-O26
2.304 (12)
Ca1-O5
2.399 (13)
Ca2-O27
2.328 (13)
Ca1-O54
2.421 (12)
Ca2-O33
2.452 (16)
Ca1-O55
2.383 (13)
Ca2-O42
2.449 (13)
Ca2-O43
2.505 (14)
Symmetry codes: (1) x+1, y, z; (2) x-1, y+1, z; (3) x, y+1, z; (4) -x+1, y+1/2, -z+1/2; (5) x+2, y+1/2, -z+1/2; (6) -x, -y+1, -z; (7) -x+1, -y+1, -z.
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Figure 4.9: Powder X-ray diffraction pattern of the experimental and simulated data of
β−Ca2B2O5 compared to known α−Ca2B2O5.

135

Figure 4.10: Infrared spectrum of the new polymorph β−Ca2B2O5.

136

The Crystal Structure of Sr0.6Ca1.4B2O5
The structure of Sr0.6Ca1.4B2O5 is related to the alkaline earth and mixed alkaline
earth pyroborate family which includes M2B2O5 where M = Mg, Ca, Sr and MM’B2O5
where MM’ = Be, Mg, Ca.26−28 The simple pyroborate group, B2O5, made of two trigonal
planar borate groups sharing a common oxygen atom. The mixed alkaline earth
CaBeB2O5 has a different structure built from a combination of triangular and tetrahedral
borate groups in a complex beryllium borate network.27 There are two polytypes of
CaMgB2O5, kurchatovite and clinokurchatovite, which were determined in orthorhombic
space group Pc21b and monoclinic space group P21/c, respectively. The lattice
parameters for both structures are different from the simple pyroborate structures but both
CaMgB2O5 have common features to the known pyroborate family.28 The remaining
structures crystallize in the monoclinic space group P21/c and are structurally similar with
the exception of the metal site. The crystal structure for this family of compounds has
been described in detail in several papers.26−28
Unit cell dimensions of the new compounds reported here, Sr0.6Ca1.4B2O5, are a =
3.6740 (7) Å, b = 5.2291 (10) Å, c = 11.651 (2) Å, and β = 92.72 (3)°. The structure was
refined to give an acceptable solution with R1 value of 0.066. The a axis in Sr0.6Ca1.4B2O5
is half the length of the known alkaline earth pyroborates. If the a axis was doubled, the
unit cell parameters would lie in between the cell parameters of known Ca2B2O5 of a =
7.212 (2) Å, b = 5.177 (1) Å, c = 11.498 (3) Å14 and Sr2B2O5 of a = 7.719 (4) Å, b =
5.341 (1) Å, c = 11.873 (2) Å29; closer to Ca2B2O5 as expected since more calcium is
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present in the presented structure. Full crystallographic parameters are accessible in Table
4.1.
The structure of Sr0.6Ca1.4B2O5 contains one crystallographically independent
trigonal planar boron atom (B1). B1 is bonded to fully occupied O1 and half occupied
O2, O3, and O4 atoms (Figure 4.11a). The bridging O4 atoms link B1 atoms to form
pyroborate (B2O5) groups lying in the ac plane shown in Figure 4.11b. The distances of
the B−O vary from 1.28 (2) – 1.47 (2) Å averaging at 1.38 (2) Å which is in agreement
with BO3 groups found in the literature.21,22 The pyroborate is not quite planar with a
B−O−B angle of 137.9°. A study on the structural flexibility of the pyroborates groups
performed by Thompson, et al. found that the B−O−B angles through the bridging
oxygen atom varies from 112.1 (7) − 180° since the structural variability of the
pyroborate groups can influence the optical properties of the materials.30
The calcium and strontium atoms are located at unique sites and disordered where
70% of the time Ca1 is present and 30% of time it is Sr1. The calcium and strontium
atoms are at different sites with atomic coordinates near each other, in Figure 4.11b they
appear to be sitting on top of each other. Ca1 is bonded to fully occupied O1 atom and
half occupied O2, O3, and O4 atoms. O2 and O3 share occupancy while O4 share
occupancy with itself. These oxygen atoms assigned as half occupied upon inspection of
their bond distances. O2 is 0.77 (2) Å from O3 and O4 is 1.03 (2) Å from its
crystallographic identical. The disorder that occurs in the oxygen atoms leads to an
average coordination of CaO7 with a possible CaO6 coordination. The bond distances
range from 2.27 (2) – 2.72 (2) Å. Sr1 bonds to seven oxygen atoms with a bond distance
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range from 2.14 (3) – 3.11 (3) Å. The disorder was applied because of the longer bonds to
the calcium atom and the shorter bonds to the strontium atom. Statistically, the data was
not happy with fully occupied calcium or strontium. The thermal parameter was more
satisfied with less strontium at that particular site. Additional bond distances and angles
are listed in Table 4.5.
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Figure 4.11: a. The [B2O5]-4 unit of a. new Sr0.6Ca1.4B2O5 b. packing of the calcium and
strontium atoms within the unit cell.
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Table 4.5: Selected Bond Distances (Å) and Angles (°) for Sr0.6Ca1.4B2O5.

[BO3] groups
Distances
Angles
B1-O12
1.32 (1)
O12-B1-O34
110.5 (13)
B1-O24
1.28 (2)
O12-B1-O4
138.1 (11)
B1-O34
1.45 (2)
O34-B1-O4
110.9 (12)
B1-O4
1.39 (2)
B1-O47
1.47 (2)
[CaO7] and [SrO7] polyhedra
Distances
Distances
Ca1-O1
2.39 (2)
Sr1-O1
2.41 (2)
Ca1-O12
2.45 (2)
Sr1-O12
2.60 (2)
8
8
Ca1-O1
2.27 (2)
Sr1-O1
2.56 (2)
Ca1-O2
2.66 (2)
Sr1-O2
2.43 (3)
Ca1-O22
2.50 (3)
Sr1-O22
2.39 (3)
Ca1-O25
2.72 (2)
Sr1-O25
2.39 (3)
Ca1-O3
2.27 (3)
Sr1-O3
2.14 (3)
Ca1-O32
2.40 (3)
Sr1-O32
2.41 (3)
Ca1-O310 2.69 (3)
Sr1-O35
3.11 (3)
Ca1-O47
2.51 (2)
Sr1-O310
3.04 (3)
Sr1-O47
2.37 (3)
*Atoms in italics are half occupied.
Symmetry codes: (2) x+1, y, z; (4) x+1, y+1, z; (5) -x+1, -y, -z+1; (7) -x+2, -y+1, -z+1;
(8) -x+1, y-1/2, -z+1/2; (10) -x+1, y+1/2, -z+1/2.
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Conclusions
The work presented in this chapter on the exploration of calcium containing
borates has led to the discovery of three new phases, Li2CaB4O8, new polymorph of
Ca2B2O5, and Sr0.6Ca1.4B2O5. These structures were hydrothermally synthesized and
result

from

the

exploration

of

the

LiOH−H3BO3−Ca(OH)2

and

SrCO3−HBO2−SrF2−CaCO3 phase spaces. These results demonstrate the richness and
sensitivity of the alkali−alkaline earth metal borate crystal chemistry by producing
materials with different structural features. The structure of Li2CaB4O8 consists of a
rather unique polyanion with three interlocking rings with a triangular borate tail.
Although the new polymorph β−Ca2B2O5 crystallizes in the same space group with
similar structural characteristics as the previously reported α−Ca2B2O5 structure, the
different unit cell parameters result in a different overall packing within each structure.
The mixing of strontium and calcium in Sr0.6Ca1.4B2O5, which are of similar size resulted
in a disordered analog of the literature Ca2B2O5 and Sr2B2O5 structures where a small
amount of Sr2+ substitute for the Ca2+. The interesting crystal chemistry and unique
formations encourage future exploration in anhydrous calcium containing borates as
optical materials. These results have demonstrated that the introduction of a smaller
alkaline earth ion into the borate building block seems to form more compact structures
preventing the incorporation of hydroxyl groups seen in the previous chapter.
The materials discussed here are centrosymmetric and would not be suitable as
lasing crystals, but could potentially be useful as host materials for luminescence
applications. Luminescent materials can be defined as those materials that, upon
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excitation, emit light through any type of energy−conversion process. These materials
can be applicable in display and imaging devices, e.g. blue or red emitting phosphors for
white light emitting diodes (LEDs). Borate structures possess great properties making
them candidates as host material. Photoluminence studies of Eu2+/3+ doped β−Ca2B2O5
are discussed in detailed in Chapter 7. The new polymorph β−Ca2B2O5 was chosen for
study because it could easily be made phase pure in large amounts and both europium
ions are similar in size to calcium.
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CHAPTER FIVE
HYDROTHERMAL SYNTHESIS AND STRUCTURE CHARACTERIZATION OF A
NEW LITHIUM ALKALINE EARTH TRANSITION METAL HEXABORATE
FAMILY, (Li5.5M0.5)MXB12O24 (M = Fe, Cr) AND (X = Ca, Sr, Ba)

Introduction
With the synthetic success of alkali and alkaline earth metal borates, exploratory
efforts were extended to study the effects of introducing a different type of metal
(transition metal) into the crystal structure. Transition metal borate crystal structures have
long been studied as important multifunctional materials exhibiting optical behavior as
well as electrical and magnetic properties important in the technology field. Transition
metal borates consist of a number of compounds that have diverse structures ranging
from low dimensional such as iron ludwigite Fe3O2BO3 to three dimensional frameworks
such as ZnB3O4(OH)3.1-3 Transition metal borates are more likely to form orthoborates as
opposed to the alkali and alkaline earth forming metaborates composed of ring structures
linking to create a more complex framework.4 The transition metal orthoborates consist
of five structural classes: calcite structure MIIIBO3, kotoite structure MII3(BO3)2,
warwickite, ludwigite, and vonsenite type structures, and the norbergite structure
MIII3(BO4)O2.5-10 Transition metal orthoborates exhibit low potential insertion properties
making them more efficient as ion insertion hosts because they have a higher metal
content resulting in a larger theoretical capacity compared to metaborates.4,11 These
properties make them favorable as electrical conductors. Currently there are four iron
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borates in the literature, FeBO3, Fe2BO3O, Fe3BO3O2, Fe3BO3O3 all falling in one of the
structure classes listed above.5,12 There are only two chromium borate structures reported
so far, CrBO3 and Cr3BO6, in which both compounds have similar crystal chemistry to
iron borates.4,6 Although transition metal borates have structural variety very important
to the crystal chemistry, they are less widely studied when compared to alkali and
alkaline earth metal borates. In an attempt to expand the phase space of this system, we
take it a step further by incorporating transition metals Fe3+ or Cr3+ along with the alkali
and alkaline earth metals into a borate structure for the first time.
A survey of borate crystal structures in the literature that also contain three
different metals (alkali, alkaline earth and first row transition metals) in the Inorganic
Crystal

Structure

Database

revealed

three

structures

LiMg0.5Mn0.5BO3,

K7[BO3Mn[B12O18(OH)6]] · H2O, and Ba2KZn3(B3O6)(B6O13) in which none of them
include iron or chromium.14-16 There are currently no structures known with lithium
metal, alkaline earth metal, and iron or chromium other than the reported structures in
this chapter. There are alkali-Fe or Cr borates and alkaline earth-Fe borates known in the
literature; however, they are few in number, approximately six in total. The alkali-Fe or
Cr borate structures include LiFeBO3, K2Fe2B2O7, and Na5CrB24O34(OH)12 · 6.5H2O in
which all were synthetically discovered within the last decade.17-19

LiFeBO3 was

synthesized by a solid state reaction of Fe(II) oxalate and LiBO2 and is particularly
promising as a Li-ion battery cathode material.17
isolated

during

a

melt

reaction

of

Fe3+

The structure of K2Fe2B2O7 was

doped

K2Al2B2O7 (KABO).

The

non−centrosymmetric K2Fe2B2O7 crystals could potentially be a good magneto−optical
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material in the IR region.18

The structure of Na5CrB24O34(OH)12 · 6.5H2O was

synthesized using low temperature hydrothermal synthesis using a Teflon lined
autoclave. This structures is the first example of a polyborate unit consisting of 24 boron
atoms.19 The alkaline earth-Fe borates are all natural minerals reported in the 1950s to
1980s and include vonsenite, (Fe0.625Mg0.375)2Fe(BO3)2, similar phase ludgwigite,
Mg1.5(Mg0.2Fe0.3)Fe(BO3)2,

and

Ca2(Mg0.86Fe.14)(Mg0.92Fe0.08)(B2O5)2.20-22

clinokurchatovite,

There has been no synthetic structure of

alkaline earth-Fe or Cr borates reported thus far. The lack of research in the alkalialkaline earth-transition metal borate system and the sensitivity of the alkali and alkaline
earth metal borate chemistry offer a new area worth exploring.
This chapter provides a detailed discussion of the syntheses, structural
comparisons,

and

(Li5.5Fe0.5)FeCaB12O24,

characterizations

amongst

(Li5.5Fe0.5)FeSrB12O24,

the

family

of

compounds

(Li5.5Fe0.5)FeBaB12O24,

and

(Li5.5Cr0.5)CrSrB12O24 including (Li5.5Fe0.5)FePbB12O24 which was previously reported
and synthesized from a low temperature hydrothermal synthesis using a fluoropolymer
lined autoclave where iron was seemingly supplied from the autoclave body.23 “Majority
of the information in this chapter is reprinted with permission from Heyward, et al. J.
Chem. Crystallogr. 2013, 43, 96-102. Copyright 2013 Springer.” A duplicate of the
copyright permission is located in Appendix B.
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Hydrothermal Synthesis
Crystals

of

(Li5.5Fe0.5)FeCaB12O24

(1),

(Li5.5Fe0.5)FeSrB12O24

(2),

(Li5.5Fe0.5)FeBaB12O24 (3), and (Li5.5Cr0.5)CrSrB12O24 (4) were synthesized in a two−step
process. Starting material for 1 was first prepared by a solid state reaction of LiOH
(Aldrich, 98+ %), B2O3 (Alfa Aesar, 97.5%), Ca(OH)2 (Aldrich, 95 %), and FeO(OH)
(Aldrich, catalyst grade) in a molar ratio of 2:6:1:1. Similarly, starting materials for 2−4
were carried out using LiOH (Aldrich, 98+%), B2O3 (Alfa Aesar, 97.5%), Sr(OH)2 ∙
8H2O (Aldrich, 95%) or Ba(OH)2 ∙ H2O (Aldrich, 98%), and FeO(OH) (Aldrich, catalyst
grade) or Cr2O3 (Aldrich, 99.9%) in a molar ratio of 2:6:1:1. The powders were mixed
thoroughly and heated in a platinum crucible at 900 °C in air for 24 h to produce a brown
colored borate glass for 1–2, a red-black crystalline material for 3, and a dark green
crystalline material for 4. The powder XRD patterns of 1−2 shows the amorphous nature
of the glass feedstock materials, while the patterns of 3−4 show a partial match to
LiBaB9O15 and LiSrB9O15 with a small amount of another phase (s) which are not any of
the reactants used in the solid state reaction (Figure 5.1). Although the patterns of 3 and 4
were not a good match to any particular transition metal oxide; based on the color of 3
(red-black) and 4 (green), it was assumed that iron and chromium were definitely
incorporated. Despite several attempts, the feedstock material for 3 and 4 does not
produce a glass.
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Figure 5.1: Powder XRD patterns of feedstock materials of 1−4 prepared from a
solid−state reaction.
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Single crystals of the title compounds were formed by spontaneous nucleation in
silver ampoules 0.25 in. diameter and 2.5 in. in length. The feedstock materials (0.1g)
prepared above along with 0.4 mL of 0.5M LiCl mineralizer (1−2 and 4) and 5M LiCl
mineralizer (3) were added to the ampoules, then welded shut. The ampoules were placed
into the autoclave with the remaining volume filled with deionized water and heated for 7
days at 600 °C generating approximately 20 kpsi of pressure. Orange-brown polyhedral
of compound 1 were formed in approximately 20% yield while those of compound 2
were formed in approximately 50% yield. The hydrothermal reaction for both compounds
3 and 4 yielded orange-brown polyhedra and pale green needles, respectively, as minor
products (5% yield).
A series of reactions were explored by varying the mineralizer solution to identify
the optimum condition to produce the target phases. After considerable experimentation
with different alkali and alkaline earth metal chloride solutions, it was found that LiCl
was the only solution to produce the target phases. Varying the concentrations of LiCl
(0.5, 5, and 7M) provided a better understanding of how the concentration affects the
amount of the target phase produced. For the Ca reactions (1), 0.5M LiCl was the only
solution to produce the target phase (Li5.5Fe0.5)FeCaB12O24 in approximately 20 % yield.
The remaining products were identified as magnetite, H3BO3, and CaB2O4. The target
crystals were not produced using the higher concentrated mineralizers. Their products
were a mixture of ludwigite Fe3O2(BO3), CaB2O4, and magnetite. For reactions targeting
the Sr analog (2), 0.5 M LiCl produced the highest yield of (Li5.5Fe0.5)FeSrB12O24 with a
50:50 mix of the target phase and a second phase that was identified as Fe
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doped−Sr2B5O9Cl. The 5M mineralizer produced the target phase in smaller yields while
7M did not produce the phase at all. The preferential formation of Sr2B5O9Cl, Li2B4O7,
and ludwigite was noted in these reactions and may be attributed to a greater amount of
feedstock dissolution by the higher concentrations of LiCl compared to the lower
concentrations of LiCl. This results in the metals forming separate stable structures, in
particular some chloride− and lithium−rich phases. In the case of reactions targeting the
Ba phase (3), 5 M LiCl produced (Li5.5Fe0.5)FeBaB12O24 in approximately 5% yield while
Ba2B5O9Cl and ludwigite were present in higher yields. This was the only mineralizer
solution to produce the target crystals. The other solutions produced a mixture of
Ba2B5O9Cl, magnetite, and hematite crystals but no mixed Li, Ba and Fe borate crystals
were formed. The lithium content in the 0.5M solution may not have been sufficient
enough to form the target phase with the larger alkaline earth metal. For the Cr phase (4)
reactions, 0.5M LiCl was the only mineralizer solution to produce the crystals
(Li5.5Cr0.5)CrSrB12O24 in a low yield of 5 %. The 0.5 M and 5 M LiCl solutions produced
a mixture of Sr2B5O9(OH), CrBO3, Li2CrO4, Cr2O3, Sr2B5O9Cl, and Li2B4O7. No attempt
was made using 7 M LiCl for this system because the Cr phase was sufficient as a proof
of concept experiment to demonstrate that a transition metal other than Fe could be
incorporated without changing the structure type. The differing nature of the feedstock
material (glass versus crystalline) for 1−2 versus 3−4 may also play a role in the different
chemistries observed within the reactions. The reactions of 1−4 were not phase pure;
however, a suitable amount of crystals of 1−2 could be isolated for additional
characterizations. Powder XRD was used to confirm the isolated crystals were indeed the
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target phase (Li5.5Fe0.5)FeSrB12O24. The pattern in Figure 5.2 is in good agreement with
the simulate pattern from the crystallographic data verifying the single crystal structure
determination was correct. Interestingly, the pattern is noticeably different from the
patterns of the feedstock material (Figure 5.1) supporting the claim that sufficient
dissolution of the feedstocks occurred during the hydrothermal reaction to form the
different crystalline phases. Despite the seemingly minor difference between Ca2+, Sr2+
and Ba2+, the barium product was much more reluctant to form in any useful quantity.
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Figure 5.2: Powder XRD pattern of experimental (Li5.5Fe0.5)FeSrB12O24 (2)
(black) compared to the calculated patterns (red).
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Structures for the isomorphs (Li5.5Fe0.5)FeCaB12O24 (1), (Li5.5Fe0.5)FeSrB12O24 (2),
(Li5.5Fe0.5)FeBaB12O24 (3), and (Li5.5Cr0.5)CrSrB12O24 (4) were determined in the trigonal
space group R ̅ with unit cell parameters of a = 14.705 (2) Å and c = 6.4633 (13) Å for 1,
a = 14.679 (2) Å and c = 6.5320 (13) Å for 2, a = 14.662 (2) Å and c = 6.6224 (13) Å for
3, and a = 14.659 (2) Å and c = 6.4998 (13) Å for 4. A total of 3380 (1), 3605 (2), 3855
(3), and 3422 (4) reflections were collected, 526 (1), 527 (2), 539 (3), and 527 (4) were
unique. An additional crystallographic symmetry check was performed using the
PLATON program package; no missed symmetry was detected.24
Similar to the structure report in the literature on (Li5.5Fe0.5)FePbB12O24 the
structures of the title compounds were first determined with a fully-occupied lithium site
and a separate, fully-occupied iron site. Bond valence sums (BVS) of the fully-ordered Fe
site in 1−3 of 3.10, 3.09 and 3.08 v.u., respectively, indicated the fully-ordered Fe site to
be Fe3+, consistent with the orange-brown color of the crystals. Likewise, the BVS of the
fully occupied Cr site in 4 of 3.04 v.u. and the pale green color of the crystals also alluded
to a fully ordered Cr3+ site. As a result of the lack of charge balance of the chemical
formula considering all the atoms fully occupied and trivalent iron (for example,
„„Li6FeSrB12O24‟‟), several steps were taken to ensure the correct structure solution. Bond
valence calculations were done to locate potentially under-bonded oxygen atoms in need
of hydrogen atoms to account for the difference in charge. The BVS values suggested the
oxygen atoms were indeed oxygen atoms and not hydroxides (also later confirmed by
infrared spectroscopy). At this point the possibility of disordering the lithium site with a
heavier atom was explored, since the anisotropic displacement parameter (ADP)
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surrounding the lithium atom was unusually low. Attempts to disorder the lithium site
with the alkaline earth metals resulted in a poor structure solution with very high ADPs
and R1 values. The lithium site was instead subjected to disorder with Fe3+ due to the
similarities of the ionic radii of Li+ (0.59 Å), Fe3+ (0.65 Å), and Cr3+ (0.62 Å).25 This
substitutional disorder would address both the poor ADPs on the Li site and the need for
charge balance.
A series of least squares cycles were done varying the occupancy of the Li+ site
with Fe3+ ions, and the final site composition was determined to be 0.917 Li and 0.083 Fe
similar to (Li5.5Fe0.5)FePbB12O24.23 When refining the substitutional disorder at the Li/Fe
and Li/Cr sites, constraints EXYZ and EADP were applied to the positional and thermal
parameters of Li1, Fe1, and Cr1. No additional restraints or constraints were used to
refine the disorder. The final refinements resulted in R1 values of 0.0363 (1), 0.0290 (2)
and 0.0265 (3) are based on the ideal occupancy values for charge balance. These R1
values for the charge balanced, disordered arrangement are significant improvements
over the initial R1 values obtained for a fully occupied lithium site, 0.061 (1), 0.078 (2),
and 0.049 (3), further supporting the substitutional disorder. The ADPs of the disordered
site were likewise improved to be similar to the other atoms in the structure. The structure
of (Li5.5Cr0.5)CrSrB12O24 (4) was solved in the same manner as the iron phases. The final
R1 value for 4 is rather high at 0.1047 due to the poor quality of the thin needle shaped
crystals. Several attempts were made to collect better data on different crystals, but we
were not able to obtain better crystallographic data with a R1 value below 10%. Table 5.1
contains crystallographic data for compounds 1−4.
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Table 5.1: Crystallographic Data of New Lithium-Alkaline Earth-Transition
Metal Hexaborate Compounds.
Emp. Form.
F. W.
Space grp

(Li5.5Fe0.5)FeCaB12O24
675.75
R-3 (no. 148)

(Li5.5Fe0.5)FeSrB12O24
723.12
R-3 (no. 148)

(Li5.5Fe0.5)FeBaB12O24
772.84
R-3 (no. 148)

(Li5.5Cr0.5)CrSrB12O24
717.51
R-3 (no. 148)

a, Å
c, Å
V, Å3
Z
Dcalc,
Mg/m3

14.705(2)
6.4633(13)
1210.3(3)
3
2.781

14.679(2)
6.5320(13)
1219.0(3)
3
2.955

14.662(2)
6.6224(13)
1232.9(3)
3
3.123

14.659 (2)
6.4998 (13)
1209.6(3)
3
2.955

Parameters
μ, mm-1
θ range, °
Reflections
Collected
Independent
Observed
[I≥2σ(I)]
R (int)

68
1.833
2.77-26.06

68
4.749
2.78-25.93

68
3.831
2.78-25.96

69
4.450
2.78-26.06

3380
526
510

3605
527
515

3855
539
495

3422
527
427

0.0254

0.0418

0.0392

0.1200

0.0363
0.0976

0.0289
0.0732

0.0265
0.0689

0.1047
0.2801

0.0371
0.0982

0.0294
0.0739

0.0303
0.0714

0.1188
0.2988

1.16

1.12

1.19

1.20

0.393

0.396

0.493

2.754

-0.580

-0.624

-0.584

-1.962

Final R
(obs. data)a
R1
wR2
Final R
(all data)
R1
wR2
Goodness
of fit on F2
Largest diff.
peak, e/Å3
Largest diff.
hole, e/Å3

a

R1 = [∑||F0| - |Fc||]/∑|F0|; wR2 = {[∑w[(F0)2 – (Fc)2]2]}1/2
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Results and Discussion
The structures of 1−4 contain [B2O6]-6 groups as the fundamental building unit
made of one trigonal planar borate group and one tetrahedral borate group (Figure 5.3)
that link together forming a [B6O12]-6 helical chain framework with 31 rotational
symmetry

along

the

c

axis,

similar

to

that

in

the

previously

reported

(Li5.5Fe0.5)FePbB12O24.23 The borate polyanion consists of three tetrahedral borate groups
as the center of the helix decorated with three trigonal planar borate groups shown in
Figure 5.4. The average B–O bond lengths in all the structures are 1.378 (4) Å for the
trigonal planar and 1.478 (4) Å for the tetrahedral groups, which are consistent with
reported literature values.26-27 The tetrahedron B1 is slightly distorted because it bridges
to trigonal planar B2 in the ring formation. Within the ring, trigonal planar B2 is pulling
the oxygen atoms O2 and O3 away from B1 resulting in an increase in bond lengths.27
The rotation of the terminal oxygen O4 occurs in all directions eliminating polarity and
resulting in a centrosymmetric packing visible in Figure 5.4.28 The helical chain borate
structure resembles the chain structure found in stillwellite and hilgardite compounds.
The main difference is the stillwellite polar helical chain includes BO4 tetrahedra adorned
with SiO4 tetrahedra while the hilgardite polar borate chain consists of BO4 tetrahedra
covered with two triangles and one tetrahedron.29-31
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Figure 5.3: Extended asymmetric unit of 1−3 as 50% probability thermal
ellipsoids for (Li5.5Fe0.5)FeSrB12O24.
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Figure 5.4: Borate helical chains along the c axis.
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The alkaline earth metals reside at special positions linking neighboring borate
helices through O4 and O3 resulting in a twelve-coordinate icosahedron geometry with
an average bond distance of 2.797 (2) Å for 1, 2.837 (2) Å for 2, 2.896 (3) Å for 3, and
2.828 (7) Å for 4.25,32 The structure contains an TMO6 octahedron with an average
Fe−O4 bond distance of 2.005 (3) Å and Cr−O4 bond distance of 1.979 (6) Å. Along the
c axis, the Fe and alkaline earth metal alternates throughout the structure in Figure. 5.5.
The lithium atoms are coordinated by five oxygen atoms forming a distorted trigonal
bipyramid and connect helical chains to adjacent chains in all directions. There are four
typical Li−O bond distances ranging from 1.866 (4) − 2.14 (2) Å for the structures and
one long bond of 2.525 (4) Å for 1, 2.452 (3) Å for 2, 2.409 (5) Å for 3, and 2.54 (3) Å
for 4. A summary of bond distances for compounds 1−4 are listed in Table 5.2.
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Table 5.2: Selected Bond Distances (Å) and Angles (°) for (Li5.5Fe0.5)FeCaB12O24
(1), (Li5.5Fe0.5)FeSrB12O24 (2), (Li5.5Fe0.5)FeBaB12O24 (3), and (Li5.5Cr0.5)CrSrB12O24 (4).

Distances
B2-O2
B2-O3
B2-O4

(1)
1.376(4)
1.388(4)
1.367(4)

Angles
O2-B2-O3
O4-B2-O3
O2-B2-O4

(1)
120.5(3)
115.7(3)
123.6(3)

Distances
B1-O1
B1-O1
B1-O2
B1-O3

[BO3] groups
(2)
1.375(3)
1.395(3)
1.363(3)

(3)
1.376(5)
1.394(5)
1.361(5)

(4)
1.368(13)
1.390(13)
1.349(13)

(3)
120.7(3)
116.6(3)
122.6(3)

(4)
119.2(9)
117.4(9)
123.3(9)

(1)
1.442(4)
1.437(4)
1.544(4)
1.494(4)

(2)
120.8(2)
115.9(2)
123.2(2)
[BO4] groups
(2)
1.443(3)
1.439(3)
1.534(3)
1.494(3)

(3)
1.450(5)
1.456(5)
1.522(5)
1.488(5)

(4)
1.429(13)
1.432(13)
1.613(13)
1.491(12)

Angles
O1-B1-O3
O1-B1-O3
O2-B1-O3

(1)
110.5(2)
109.3(2)
105.5(2)

(2)
110.5(2)
109.6(2)
105.4(2)

(3)
110.0(3)
110.2(3)
105.5(3)

(4)
112.4(8)
109.1(8)
104.8(7)

Distances
Li1-O1
Li1-O2
Li1-O2
Li1-O3
Li1-O4

(1)
1.866(4)
2.525(4)
2.090(4)
2.068(4)
2.037(4)

[LiO5] polyhedron
(2)
1.873(3)
2.452(3)
2.110(3)
2.063(3)
2.070(3)

(3)
1.881(4)
2.409(5)
2.104(4)
2.088(5)
2.075(5)

(4)
1.87(2)
2.54(3)
2.04(2)
2.14(2)
1.97(3)

Angles
O1-Li1-O4
O1-Li1-O3
O2-Li1-O4
O2-Li1-O3
O2-Li1-O2

(1)
103.8(2)
137.0(2)
94.4(2)
112.5(2)
98.4(2)

(2)
102.9(1)
137.9(1)
91.6(1)
112.5(1)
99.3(1)

(3)
104.1(2)
136.5(2)
90.1(2)
111.0(2)
99.4(2)

(4)
106.1(10)
132.9(12)
95.2(10)
111.7(8)
97.9(9)

Distances
TM2-O4 (x6)

(1)
2.004(2)

[TMO6] octahedron
(2)
2.004(2)

(3)
2.006(3)

(4)
1.979(6)

Distances
AE1-O3 (x6)
AE1-O4 (x6)

Alkaline Earth (AE) Metal polyhedra
(1)
(2)
(3)
3.024(2)
3.026(2)
3.051(3)
2.570(2)
2.648(2)
2.741(3)

(4)
3.014(7)
2.642(7)
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Figure 5.5: A view of the full unit cell along [001] direction with metal bonds
omitted for clarity.

163

In comparison with (Li5.5Fe0.5)FePbB12O24, substituting the Pb2+ ion (ionic radius
of 1.49 Å ) for the smaller Ca2+ and Sr2+ ions (1.34 and 1.44 Å ) or the larger Ba2+ ion
(1.61 Å ) results in the expected trend of the unit cell volume of Ca = 1,210 (3) Å3 < Sr =
1,219 (3) Å3 < Pb = 1,228 (4) Å3 < Ba = 1,233 (3) Å3.23,25 The unit cell parameters reflect
this trend with increasing axis length with increasing cation size only in the c direction,
however, this trend is absent in the a and b directions for (Li5.5Fe0.5)FeBaB12O24
compared to the Ca and Sr analogs. Somewhat counter intuitively, the a/b parameters are
actually shorter (14.662 (2) Å) than in the analogous calcium (14.705 (2) Å), strontium
(14.679 (2) Å) and lead (14.710 (2) Å) compounds.23 We note an important difference
occurs in the long Li1–O2 bond distance (2.409 (5) Å) for (3), (2.452 (3) Å) (2) and
(2.525 (4) Å) for (1). The calcium structure has the longest Li1−O2 bond compared to the
strontium and barium structures resulting in a longer a/b length. This bond is primarily
aligned along the a/b axes resulting in the unexpected relationship. The AEO12
icosahedron in the structure is aligned such that all the AE–O bonds have some c axis
contribution, thus the unit cell expansion is most apparent in this parameter. Nonetheless,
the c axis of the Ba analog does expand more (~2% larger for (3) vs. (1) or (2)) than the a
and b axes contract (~0.1% shorter for (3) vs. (1) or (2)) relative to the Ca and Sr analogs
resulting in the observed trend in unit cell volume. Comparison of the transition metal
ions revealed an expected trend in the axes lengths and cell volumes. The decrease in the
unit cell dimensions and cell volumes is related to the substitution of Fe3+ ions (0.65 Å)
with relatively smaller Cr3+ ions (0.62 Å).25
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Figure 5.6: Uv-vis diffuse reflectance spectrum of (Li5.5Fe0.5)FeSrB12O24 collected
from 200−700 nm. Inset: hydrothermally grown crystal.
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The optical spectrum of (Li5.5Fe0.5)FeSrB12O24 (Figure 5.6) was collected in the
ultraviolet to visible (200–700 nm) regions. A weak broad absorption band detected
around 400−460 nm is attributed to the spin forbidden d–d transition 6A1g to 4A1g, 4Eg
with contributions of a p6d5 to p5d6 transition with charge transfer of the iron sites.33,34
This absorption in the blue region correlates to the brown orange color crystals. The
bands around 250–300 nm are assigned to charge transfer absorption of O2- to Fe3+.33,34
Infrared spectroscopy was used to validate the coordination environments of the borate
groups in the structure. The infrared spectra of (Li5.5Fe0.5)FeCaB12O24 (1) and
(Li5.5Fe0.5)FeSrB12O24 (2) in Figure 5.7 are consistent with the B–O asymmetric
stretching vibration modes in reported infrared spectra of borates in which both trigonal
planar and tetrahedral borate groups are present. The bands centered at 1,305 cm-1 for 1
and 1,288 cm-1 for 2 corresponds to the trigonal planar borate groups, while the bands
centered at 1050 and 583 cm-1 for 1 and 1,040 and 580 cm-1 for 2 confirms the presences
of tetrahedral borate groups.35-37 Additional bands at 785–711 cm-1 and 480 cm-1 are due
to B–O–B linkage modes and B–O bending modes, respectively.35-37 There is a slight
shift from higher to lower wavenumbers with the replacement of smaller Ca2+ ion with
larger Sr2+ ion visible in the spectra. Apparently, the alkaline earth metal ion size may
have some influence on the changes in the B–O ring vibrations.
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Figure 5.7: Infrared spectra of (Li5.5Fe0.5)FeCaB12O24 and (Li5.5Fe0.5)FeSrB12O24 in the
range of 400−4000 cm-1.
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Conclusions
A

new

family

of

alkali−alkaline

earth−transition

metal

hexaborates,

(Li5.5Fe0.5)FeCaB12O24 (1), (Li5.5Fe0.5)FeSrB12O24 (2), (Li5.5Fe0.5)FeBaB12O24 (3), and
(Li5.5Cr0.5)CrSrB12O24 (4) has been synthesized using hydrothermal methods. Their
structures were precisely determined by single crystal XRD and characterized by powder
XRD, infrared and UV-visible diffuse reflectance spectroscopies. This family is
isostructural with (Li5.5Fe0.5)FePbB12O24 made previously from a flux reaction, and are
composed of one−dimensional framework of [B6O12]-6 helical chains with 31 rotational
symmetry. Disorder occurs between Li+/Fe3+ and Li+/Cr3+ ions with a ratio of 0.917 and
0.083, respectively to achieve charge neutrality in the compounds. Exploratory
experiments revealed a lower concentration of LiCl mineralizer solution (0.5M) produced
the target phase for 1−2 and 4 while a higher concentration of LiCl (5M) was the only
solution to produce 3.
Incorporating three different types of metal (alkali, alkaline earth, and transition
metals) into one borate structure has proven to be successful. Changing the metal
building block within the borate structure by introducing a smaller transition metal into
lattice was an effective alternative approach to synthesizing anhydrous borates with
structural variety. Additional experiments devoted to the descriptive chemistry could be
useful in our quest to expand this phase space. It would be interesting to see if the
unexpected trend along the a/b directions holds true for the chromium containing
structures with varying alkaline earth metals in comparison the iron structures.
Furthermore, study the effect a slightly smaller Co3+ ion (0.685 Å) would have on the
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crystal structure. Can Co3+ become incorporated without disrupting the crystal lattice
producing the same structure type?
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CHAPTER SIX
HYDROTHERMAL SYNTHESIS AND CHARACTERIZATION OF MIXED
OXYANION BORATES

Introduction
Similar to borates, other amphoteric oxyanions like phosphates, silicates,
beryllates, vanadates, and carbonates have the ability to form locally acentric
coordination environments with other metal ion building blocks in solids. In general the
metal ions used in the lattices are empty shell species likes block ion s or d0 transition
metals. Considering the excellent properties of borates (β-BaB2O4 (BBO) and LiB3O5
(LBO)) and other oxyanions like phosphates and silicates, possibly the borate solids
phase space could be significantly extended if we could systematically introduce
additional oxyanions into the borate lattice. It was not clear initially whether we could
actually induce other oxyanion building blocks to incorporate into borate lattices using
hydrothermal methods, but we anticipated that the combination of mixed oxyanion
borates in the same crystal might generate new structures, and hopefully new NLO
materials with enhanced properties.
Naturally occurring minerals of borate phosphates and borate carbonates tend to
form hydrated structures composed of borate chains forming channels with ordered
[PO4]−3 or [CO3]−2 sites.1-4 Borosilicate structures are known as natural minerals and
more abundantly as glasses or ceramics made of complex layers and frameworks.1,2 A
more in-depth review of borate phosphate, borate carbonate, and borosilicate structures in
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the literature will be discussed in their respective sections below. There are a significant
number of known mixed oxyanion borate minerals1 or glasses, but the research is not as
extensive in synthetic crystalline mixed oxyanion borates. Thus we wished to start to
determine the scope and limitations of new oxyanion building blocks in metal borate
lattices. Previously, non−centrosymmetric structures containing berylloborates of various
types including KBBF, Sr2Be2B2O7 (SBBO), as well as other borate–beryllate structures
Sr3Be2B5O12(OH) and Ba3Be2B5O12(OH) were prepared using hydrothermal growth
techniques.5-7
This chapter continues the quest to discover new anhydrous non−centrosymmetric
borate materials by investigating how changing the oxyanion building blocks affect the
structural features. Initial findings on growing oxyanion borates including those with
phosphate, silicate, and carbonate building blocks will be reported. Of particular interest
is the crystal chemical behavior of the oxyanions and whether they act independently as
isolated units or in concert with the borate networks in building the overall structure. The
reported results indicate these systems do exhibit a great variety of structural
arrangements and suggest there may be an enormous number of new phases available for
study in these systems. “A portion of this work is reprinted with permission from
Heyward et al. J. Solid State Chem. 2013, 203, 166−173. Copyright 2013 Elsevier.” A
duplicate of the copyright permissions are located in Appendix B.
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Hydrothermal Synthesis
The barium borosilicate crystal structures were synthesized using two different
feedstock materials. The precursor powders for “BaBSiO-1” and “BaBSiO-2” starting
materials were heated in platinum crucibles in air at 950 °C for 18 h using reaction
formulas as follows: For “BaBSiO-1", 2.5g (36 mmol) B2O3 (Alfa Aesar 98%), 0.72g (12
mmol) SiO2 (Alfa Aesar 99.9%) and 1.84g (12 mmol) BaO (Alfa Aesar 99.5%) melting
to form a transparent glass. For “BaBSiO-2”, 3g (43 mmol) B2O3 (Alfa Aesar 98%),
3.24g (54 mmol) SiO2 (Alfa Aesar 99.9%) and 1.65g (11 mmol) BaO (Alfa Aesar 99.5%)
producing an opaque glass material. Lithium and sodium hydroxide and chloride
mineralizers ranging from 0.1M−5M were used to hydrothermally treat the glass
feedstock and heated for 6 days at 548 °C producing about 14 kpsi of pressure for
“BaBSiO-1”. There were no direct correlation of the concentration, alkali metal and the
products observed. In the “BaBSiO-1” reaction, typical known borate phases were
present including H3BO38, Li3B5O8(OH)29, LiBa2B5O1010, Li2B4O711, and Ba2B5O9Cl12
when chloride was used as the mineralizer. The well−studied BaSi2B2O813 phase was
produced only with chloride containing solutions and never with just the hydroxides. A
known barium silicate Ba4Si6O1614 was formed as the minor product using 2M NaCl and
3M NaOH solutions exclusively. The 5M NaOH resulted in the formation of α−BaSiO315
phase as the only product; it is assumed the boron remained in solution since no other
crystals were formed. The crystals of interest using this feedstock were Ba3Si2B6O16 and
BaSi2BO6(OH). The borosilicate Ba3Si2B6O16 has been previously characterized by
powder X-ray diffraction but there has been no literature report of the single crystal
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structure. Ba3Si2B6O16 is quite a stable phase in that it formed using 1M LiOH, 1M and
2M NaCl, 1M NaOH, and mixed 5M NaOH/5M NaCl. The highest yield of 80% was
produced using 1M NaOH as colorless plates and microcrystalline powder.
BaSi2BO6(OH) grew as colorless rods using the hydroxide solutions and in the highest
yield of 50% with 3M NaOH. The structures of Ba3Si2B6O16 and BaSi2BO6(OH) was
determined in the triclinic space group P ̅ . Use of the second borosilicate starting
material, “BaBSiO-2” was not as fruitful as “BaBSiO-1”; however, the novel structure
NaBa2Si5BO14 was discovered using 3M NaOH at 500 °C and 19 kpsi. This reaction
resulted in a 90:10 mix of NaBa2Si5BO14 crystals as colorless faceted polyhedra and a
mystery phase as microcrystalline powder. NaBa2Si5BO14 crystallizes in the tetragonal
non−centrosymmetric space group I ̅ 2m and the structure will be discussed in greater
detail below. The reactions with 2M LiCl, 1M NaCl and 3M and 5M NaOH were carried
out at both 500 °C (black) and 600 °C (red) to extract new phases and compare the
products of the different temperatures. Increasing the temperature increased the solubility
of the feedstock so much that it resulted in silica (SiO2) and other known barium silicates
to dominate the products. A summary of the products of the “BaBSiO-1” and “BaBSiO2” feedstocks can be found in Figure 6.1 and Figure 6.2. Even though “BaBSiO-2” was
made with higher molar ratios of boron and silicon, the products did not exhibit more
variety than “BaBSiO-1”. This could be attributed to the uncertainty of the composition
of the solid state reaction. It could be possible that as the reaction melts, a significant
amount of boron vaporizes reducing the amount initially supplied.
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Figure 6.1: Summary of the hydrothermal reactions using “BaBSiO-1” feedstock
material.
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Figure 6.2: Summary of the hydrothermal reactions using “BaBSiO-2” feedstock
material. Black are reactions carried out at 500 °C and red are carried out at 600 °C.
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Single crystals of Li9BaB15O27(CO3) were synthesized by first preparing a
feedstock material consisting of 5g (72 mmol) B2O3 ( Alfa Aesar 98%), 1.77g (8.9 mmol)
BaCO3 (Strem 99%) and 0.64g (27 mmol) LiOH (Aldrich 98+%) heated in a platinum
crucible at 950 °C for 18 h. Then the microcrystalline feedstock along with 1M LiOH
was added to the silver ampoules and heated at 548 °C for 6 days generating 14 kpsi of
pressure. Colorless hexagonal plates were formed in approximately 20% yield with
LiBa2B10O16(OH)316 forming as the major product. The structure crystallizes in the
trigonal space group P ̅ 1c. Additional mineralizers, 0.5M LiOH, 1M NaOH, 0.5M, 1M
and 2M Li2CO3 were also used to explore the mixed lithium and barium borate carbonate
system. The results of these reactions are summarized in Figure 6.3. BaCO3 formed as the
only product when using 1M and 2M Li2CO3 and 0.5M LiOH while 1M NaOH produced
γ−LiBO2 and LiBa2B5O10. The other reaction to form crystals of Li9BaB15O27(CO3) was
with 0.5M Li2CO3 but they were few in number.
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Figure 6.3: Summary of the hydrothermal reactions using “LiBaB(CO3)” feedstock
material.
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Crystals of Ba11B26O44(PO4)2(OH)6 were grown through a direct hydrothermal
synthesis using 0.04g (0.21 mmol) Ba(OH)2 · H2O (Aldrich, 99.9%), 0.36 g (0.66 mmol)
(NH4)2B10O16 · 8H2O (Alfa Aesar, 99.9%), 0.04g (0.17 mmol) BaHPO4 (Aldrich 97%)
and aqueous mineralizer solution of 1M NaOH. The hydrothermal reaction was carried
out at 575 °C, 14.5 kpsi for 6 days. This reaction produced two phases in low yield,
colorless needles of a new phase, Ba11B26O44(PO4)2(OH)6, and colorless polyhedra of
Ba3B12O20(OH)2. The structure of Ba3B12O20(OH)2 was originally determined by
McMillen. The majority of the product was identified as Ba3(PO4)2 using powder X-ray
diffraction. The crystal structure of Ba11B26O44(PO4)2(OH)6 crystallizes in the monoclinic
space group P21/c.
A total of five new oxyanion borates containing mixed hetero−anion building
blocks were discovered during the exploration of these systems. The crystal structures
and characterizations will be analyzed in the consecutive sections. These structures are
great examples of how borate coupled with other polar oxyanions can create unique
structures through hydrothermal synthesis.
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Table 6.1: Crystallographic Data of New Mixed Oxyanion Borates.
Empirical Formula
Formula weight
Space group

Ba3Si2B6O16
789.06
P ̅ (no. 2)

BaSi2BO6(OH)
317.34
P ̅ (no. 2)

NaBa2Si5BO14
672.93
̅
I 2m (no. 121 )

a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
Z
Dcalc, Mg/m3

5.0414 (10)
7.5602 (15)
8.5374 (17)
77.15 (3)
77.84 (3)
87.41 (3)
310.1 (1)
1
4.225

6.9031 (14)
6.9303 (14)
7.3862 (15)
62.80 (3)
63.16 (3)
76.06 (3)
280.2 (1)
2
3.762

11.1040 (16)

Parameters
μ, mm-1
θ range, °
Reflections
Collected
Independent
Observed [I≥2σ(I)]
R (int)

124
9.715
3.30−26.33

101
7.499
3.31−26.36

58
6.701
3.67−26.07

2946
1245
1137
0.0228

2609
1125
1102
0.0405

6007
684
672
0.0371

0.0269
0.0641

0.0440
0.1201

0.0194
0.0452

0.0300
0.0659

0.0445
0.1204

0.0197
0.0453

Final R (obs. data)a
R1
wR2
Final R (all data)
R1
wR2

10.375 (2)

1279.2 (4)
4
3.494

Goodness of fit on F2
1.16
1.20
1.17
Largest diff. peak, e/Å3
2.36
2.11
0.894
Largest diff. hole, e/Å3
-1.56
-2.19
-0.67
a
R1 = [∑||F0| - |Fc||]/∑|F0|; wR2 = {[∑w[(F0)2 – (Fc)2]2]}1/2
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Table 6.1: Crystallographic Data of New Mixed Oxyanion Borates cont…
Empirical Formula
Formula weight
Space group

Li9BaB15O27(CO3) Ba11B26O44(PO4)2(OH)6
853.96
2787.79
̅
P21/c (no. 14)
P 1c (no. 163)

a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
Z
Dcalc, Mg/m3

8.8599 (13)

1029.8 (3)
2
2.754

2402.5 (8)
2
3.854

Parameters
μ, mm-1
θ range, °
Reflections
Collected
Independent
Observed [I≥2σ(I)]
R (int)

89
2.089
2.65−26.31

439
9.076
2.18−26.02

9201
702
686
0.0347

21,920
4731
3759
0.0855

0.0209
0.0551

0.0548
0.1290

0.0212
0.0554

0.0726
0.1402

Final R (obs. data)a
R1
wR2
Final R (all data)
R1
wR2

15.148 (3)

6.8909 (14)
13.629 (3)
25.581 (5)
90.04 (3)

Goodness of fit on F2
1.22
1.11
Largest diff. peak,
0.33
2.98
3
e/Å
Largest diff. hole,
-0.56
-2.10
e/Å3
a
R1 = [∑||F0| - |Fc||]/∑|F0|; wR2 = {[∑w[(F0)2 – (Fc)2]2]}1/2
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The Crystal Structure of Ba3Si2B6O16
The structure of Ba3Si2B6O16 solved with a final R1= 0.0269 in the triclinic space
group P ̅ with lattice parameters a = 5.0414 (10) Å, b = 7.5602 (15) Å, c = 8.5374 (17)
Å, α = 77.15 (3)°, β = 77.84 (3)°, γ = 87.41 (3)°. Again, all atoms were refined
anisotropically. The maximum residual electron density peaks are larger than normal as a
result of being in such close proximity to the heavy barium atom. The maximum peak is
located 0.86 Å from Ba2 in Ba3Si2B6O16, and it does not appear assignment as a unique
atom in the structure is warranted. The crystallographic data and structural refinement
parameters for each compound are given in Table 6.1.
The structure of Ba3Si2B6O16 is isotypic with the structure type Ba3Ge2B6O16.17
The compound consists of a unique [B6O16]−14 moiety, one [SiO4] group and two
crystallographically independent barium atoms. The borate polyanion [B6O16]−14 can be
described in two different ways: two [B3O9]−9 building blocks or two [B2O7]−8 units
linked by two BO3 groups (Figure 6.4a and d) which are composed of two tetrahedral
boron atoms (B2 and B3) and one trigonal planar boron atom (B1) that link together
through sharing oxygen atoms to form a channel-like structure (Figure 6.4b). The average
B–O bond lengths are 1.382 (7) Å for trigonal planar and 1.479 (7) Å tetrahedral groups,
while the O–B–O bond angles range from 103.3 (4) – 124.9 (4)°.1,2,18 The BO3 groups in
this structure are almost perpendicular the b axis and although they are not equilateral
triangles, the angles of O1–B1–O2, O1–B1–O3, and O2–B1–O3 all equal to 360° which
indicates the BO3 group is undeniably planar. The BO3 groups are isolated from the
[SiO4] groups, as their polyhedra do not corner-share any common oxygen atoms. Rather
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the linkages to the silicates occur exclusively through the borate tetrahedra. The structure
does have two slightly elongated tetrahedral B–O bonds (B2–O5 and B3–O7) as a result
of bridging to the [SiO4] groups. The circular [B6O16] polyanions are connected to
neighboring [B6O16] rings along [001] through corner sharing of oxygen atoms with SiO4
tetrahedra. Connections along [010] are made through Ba–O bonding, resulting in an
overall layered sheet structure shown in Figure 6.5a.
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Figure 6.4: a. Polyborate unit of [B3O9]−9. b. Borate building unit channel-like structure
[B6O16]−14. c. Overall building block [SiB6O16]−10. d. An alternative view of the
[SiB6O16]−10 unit: [B2O7]−8 unit linked by [SiO4] and [BO3] groups.
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The SiO4 tetrahedra are aligned in the [100] direction and the circular formation
continue but consist of a parallel borosilicate framework connecting to adjacent
frameworks through B3–O7–Si1 (Figure 6.5b). The structure consists of two layers per
unit cell that are related by inversion symmetry and extends inﬁnitely in the ac plane. The
Si–O bond lengths and bond angles ranged from 1.632 (4) – 1.613 (4) Å and 104.4 (2) –
114.0 (2)°, respectively.19,20 In contrast to the phosphate and carbonate structures in this
chapter, the tetrahedral silicate building blocks are incorporated directly into the
polyoxoanion structural framework along with the polyborates. This creates an overall
building block of [Si2B6O16]−6 in Figure 6.4c. This B–O–Si framework can be seen in a
variety of borosilicate structures including Gd3BSi2O10 and Li4B4Si8O24.2 The B–O–Si
bond angle range is from 123.0 (3) – 143.2 (4)° and are within the range of reported
values.20 Selected bond distances and angles are listed in Table 6.2.
The two unique barium atoms each have different coordination environments of
ten and eleven, respectively. Ba1 is coordinated with ten oxygen atoms with a Ba1–O
bond distance range from 2.671 (4) – 3.308 (4) Å.19 Ba1 sits in the channels created by
the [B6O16] moiety along the a axis and connects to the framework oxygen atoms. Ba1
also connects the B–O–Si framework along the a axis through Ba1–O6 bonds which
explains the longer bond of 3.308 (4) Å. Ba2 sits between the layers, bonding to eleven
oxygen atoms (2.702 (4) – 3.190 (4) Å) and connecting the adjacent layers in the b
direction. Ba1 and Ba2 are edge sharing through O1, O2, and O5. The bond distances for
the barium atoms are listed in Table 6.3.
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Figure 6.5: a. Extended framework of the borates and the oxyanions of Ba3Si2B6O16 view
along [100] direction. b. The layered sheet formation of [SiB6O16]−10 along the [010]
direction.
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This material could be prepared in sufﬁcient purity that a clean powder pattern
could be obtained. Powder XRD pattern in Figure 6.6 was used to conﬁrm the crystals
were indeed the target phase Ba3Si2B6O16. The experimental pattern is in good agreement
with the calculated pattern. An IR spectrum could also be obtained. Infrared spectroscopy
was performed to conﬁrm the coordination environments of the borate and silicate
groups. The IR spectrum shown in Figure 6.7 consists of bands in the range of 1378 –
1236 cm−1 corresponding to the trigonal planar borate groups while the bands in the range
of 1085 – 820 cm−1 represent the tetrahedral borate groups stretching vibration modes.21-23
The B–O–B and B–O bending modes are assigned as 716 – 790 cm−1 and 409 – 622 cm−1.
It is expected for the BO4 and SiO4 tetrahedral vibration bands to overlap due to their
similarities. The bands at 696 and 576 cm−1 correspond to Si–O stretching modes. The
band at 906 cm−1 can be assigned to the B–O–Si bending modes.24-26
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Figure 6.6: The experimental and calculated powder X-ray diffraction patterns of
Ba3Si2B6O16.
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Figure 6.7: Infrared spectrum of Ba3Si2B6O16.
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Table 6.2: Selected Bond Distances (Å) and Angles (°) for Ba3Si2B6O16.

[BO3] groups
Distances
B1-O13
1.326 (7)
12
B1-O2
1.380 (7)

Angles
O1 -B1-O212 124.9 (5)
O13-B1-O31
120.5 (5)

B1-O31

O212-B1-O31

3

1.441 (7)

114.6 (5)

[BO4] and [SiO4] groups
Distances
13

Angles

B2-O6
B2-O41
B2-O2
B2-O5
B3-O6
B3-O811
B3-O38
B3-O78

1.448 (7)
1.466 (6)
1.481 (7)
1.508 (6)
1.447 (7)
1.479 (7)
1.496 (6)
1.510 (7)

O5-B2-O41
O5-B2-O613
O5-B2-O2

109.4 (4)
111.1 (4)
103.3 (4)

O6-B3-O811
O6-B3-O38
O6-B3-O78

112.7 (4)
108.6 (4)
112.6 (4)

Si1-O4
Si1-O514
Si1-O710
Si1-O86

1.613 (4)
1.614 (4)
1.627 (4)
1.632 (4)

O4-Si1-O514
O4-Si1-O710
O4-Si1-O86
O710-Si1-O86

114.0 (2)
104.4 (2)
109.7 (2)
108.4 (2)

Symmetry codes: (1) x-1, y, z; (2) x-1, y+1, z; (3) x, y+1, z; (4) x, y, z+1; (5) x, y-1, z;
(6) x+1, y, z; (7) -x+1, -y+2, -z+1; (8) -x+1, -y+3, -z+1; (9) -x, -y+3, -z+2; (10) -x+1, y+3, -z+2; (11) x, y, z-1; (12) -x, -y+3, -z+1; (13) -x, -y+2, -z+1; (14) -x+1, -y+2, -z+2;
(15) x+1, y-1, z.
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Table 6.3: Selected Bond Distances (Å) and Angles (°) for Ba Atoms in Ba3Si2B6O16.

[BaO10] polyhedron
Distances
Ba1-O17 x 2
2.6710 (4)
7
Ba1-O2 x 2
2.7408 (4)
Ba1-O57 x 2
2.9096 (4)
Ba1-O67 x 2
2.7507 (4)
Ba1-O613, 6 x 2 3.3084 (4)

[BaO11] polyhedron
Distances
Ba2-O13
2.7015 (4)
7
Ba2-O1
2.7614 (4)
Ba2-O2
2.8171 (4)
Ba2-O3
2.8391 (4)
Ba2-O31
3.1896 (4)
Ba2-O4
2.8205 (4)
Ba2-O5
3.0114 (4)
Ba2-O7
2.9406 (4)
Ba2-O710
3.0254 (4)
Ba2-O8
2.9518 (4)
Ba2-O89
3.1335 (4)

Symmetry codes: (1) x-1, y, z; (2) x-1, y+1, z; (3) x, y+1, z; (4) x, y, z+1; (5) x, y-1, z;
(6) x+1, y, z; (7) -x+1, -y+2, -z+1; (8) -x+1, -y+3, -z+1; (9) -x, -y+3, -z+2; (10) -x+1, y+3, -z+2; (11) x, y, z-1; (12) -x, -y+3, -z+1; (13) -x, -y+2, -z+1; (14) -x+1, -y+2, -z+2;
(15) x+1, y-1, z.
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The Crystal Structure of BaSi2BO6(OH)
The material BaSi2BO6(OH) crystallizes in the triclinic space group P ̅ with unit
cell parameters of a = 6.9031 (14) Å, b = 6.9303 (14) Å, c = 7.3862 (15) Å, α = 62.80
(3)°, β = 63.16 (3) °, and γ = 76.06 (3) °. The structure refined to a R1 value of 0.0440
with a total of 2609 reflections collected, 1125 were unique. The ISOR restraints were
placed on atom B1 in SHELTXL27 during the final refinement due to non-positive
definite anisotropic mean square displacements for this atom. A full list of the
crystallographic data for this compound is presented in Table 6.1.
The crystal structure is composed of one ten coordinate barium atom, two SiO4
tetrahedra and one BO4 tetrahedron. The fundamental building block is a pyrosilicate
group linked to BO4 through sharing O4 atom forming [Si2BO6(OH)]-2 borosilicate unit
visible in Figure 6.8a. The view along the c direction (Figure 6.8b) show the FBB
connects to other FBBs along the a axis through O3 and along the b axis through O7
forming a ladder like structure. The B−O bond distances and O−B−O angles range from
1.452 (12) – 1.499 (12) and 106.6 (8) – 113.2 (8)°, respectively Å, typical range for
tetrahedral borate groups.1,2,18 The Si−O bond distances and O−Si−O angles range from
1.580 (7) – 1.653 (7) Å and 103.3 (4) – 117.0 (4)°, respectively. The connections along
the c axis occur through bonding to the barium atom. The barium atoms are related by
inversion symmetry and sit between the borosilicate framework layer (which extends
inﬁnitely in the ac plane) providing that connection shown in Figure 6.9a and 6.9b). The
Ba−O bond distances range from 2.677 (8) – 3.120 (9) Å with an average of 2.934 (7) Å,
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Figure 6.8: a. The borosilicate unit of [Si2BO6(OH)]−2. b. Borosilicate ladder-like
formation.
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which is in agreement with Ba−O distances.19 Selected bond distances and angles are
listed in Table 6.4.
One hydrogen atom was assigned in order to satisfy charge balance and bond
valence sums. The location of H1 atom was determined by first calculating bond valence
sums and identifying under−bonded O2 atom (1.15 v.u.) then, finding residual electron
density 0.982 (8) Å away from this oxygen atom. The hydrogen atoms sit between the
borosilicate layers along with the barium atoms. Hydrogen bonding does occur in this
structure that help stabilize the borosilicate framework. There appears to be weak
O2−H1···O4 and O2−H1···O5 hydrogen bonds are 2.01 Å and 2.14 Å, respectively are
reasonable if the oxygen atoms act as hydrogen bond acceptors.28,29 Unfortunately, this
compound could not be isolated as a pure material for further characterization and is
invariably contaminated with Ba3Si2B6O16 or known borates including H3BO38,
Ba4Si6O1614 and Li3B5O8(OH)29.
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Figure 6.9: a. Extended framework of the borosilicates and barium atoms view along
[001] direction. b. The layered sheet formation of along the [010] direction.
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Table 6.4: Selected Bond Distances (Å) and Angles (°) for BaSi2BO6(OH).

[BO4] and [SiO4] groups
Distances

Angles

B1-O24
B1-O1
B1-O33
B1-O410

1.470 (12)
1.452 (13)
1.499 (12)
1.472 (12)

O24-B1-O1
O1-B1-O33
O410-B1-O33

106.6 (8)
113.2 (8)
109.8 (8)

Si1-O6
Si1-O7
Si1-O5
Si1-O1
Si2-O69
Si2-O7
Si2-O32
Si2-O4

1.642 (7)
O6-Si1-O7
1.653 (7)
O6-Si1-O5
1.580 (8)
O7-Si1-O5
1.603 (8)
O5-Si1-O1
1.611 (7)
O69-Si2-O7
1.633 (7)
O69-Si2-O32
1.617 (8)
O7-Si2-O32
1.617 (7)
O32-Si2-O4
[BaO10] polyhedron
Distances
2.953 (7)
Ba1-O57
2.836 (7)
Ba1-O14
2.939 (8)
Ba1-O3
2.863 (7)
Ba1-O33
2.730 (8)
Ba1-O4

106.7 (4)
113.1 (4)
111.1 (4)
117.0 (4)
107.4 (4)
103.3 (4)
110.8 (4)
114.7 (4)

Ba1-O64
Ba1-O2
Ba1-O24
Ba1-O7
Ba1-O56

2.677 (8)
3.121 (8)
3.080 (7)
3.119 (7)
3.024 (7)

Symmetry code: (2) x, y, z+1; (3) -x, -y, -z+1; (4) -x+1, -y, -z+1; (6) -x, -y, -z+2; (7) x,
y+1, z-1; (9) -x+1, -y, -z+2; (10) x, y-1, z.
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The Crystal Structure of NaBa2Si5BO14
The

structure

of

NaBa2Si5BO14

was

determined

in

the

tetragonal

non−centrosymmetric space group I ̅ 2m with lattice parameters of a = 11.1040 (16) Å, c
= 10.375 (2) Å. The structure was refined to an R1 value of 0.0194 with a total of 6007
reflections collected, 684 were unique. The observed flack parameter of -0.030 is in good
agreement with the correct absolute structure. According to the non−centrosymmetric
crystal classes diagram found in an article on non−centrosymmetric oxides published by
Halasyamani, et al.,30 crystals in the space group I ̅ 2m or point group ̅ 2m possess
optical and piezoelectric (second harmonic generation) properties but does have
enantiomorphic and pyroelectric (polar) characteristics. A full list of the crystallographic
data for this compound is presented in Table 6.1.
The structure is built from two independent SiO4 tetrahedra that connect through
O1 atom to form a pyrosilicate group [Si2O7]. Si1 is half occupied with B1 therefore fifty
percent of the time the building block in this structure is [BSiO7] (Figure 6.10a)
connecting to ultimately to form [BSi5O14]-5. This site was refined to 50% occupancy by
Si1 and B1 to achieve a charge neutral chemical formula and suitable thermal parameter.
When Si1 was fully occupied the thermal parameter was 0.044 while Si2 thermal
parameter was much lower at 0.011 resulting in a R1 value of 0.0452. The formula
“NaBa2Si6O14” is also not charge balanced with an extra +1. Inspection of the bond
distances of Si1 showed slightly shorter bond distances for Si−O. There were also issues
with fully occupied B1 at this site. The thermal parameter was too low, the R 1 value was
0.0658, the formula “NaBa2Si4BO14” gave an extra charge of -4, and the bond distances
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were on the long side for B−O. With half occupied Si1 and B1 at this site, the thermal
parameter became 0.018 closer to the observed parameters for the other atoms and the
formula charge balance with an R1 value of 0.0194. The observed bond distances also
support the Si/B disorder in that the average S1/B1−O distance is 1.542 (3) Å which lies
between reported values of tetrahedral B−O and Si−O distances of 1.49 Å and 1.64 Å,
respectively.19 The fully occupied Si2−O bond distances range from 1.572 (3) – 1.639
(4) Å with an average of 1.616 (4) Å.
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Figure 6.10: a. The building block of [BSiO7] b. The diamond shaped connections
between the borosilicate groups.
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The Si1/B1 tetrahedron connects to itself through O2 atom forming a diamond
shaped void at the corners and body−center of the cell. The Si2 tetrahedron connects to
itself through O4 atom to form diamond shaped voids around the center of the unit cell
edges shown in Figure 6.10b. The S1/B1 connects to Si2 along the a and b directions
through O1. Figure 6.11a shows the Si2 tetrahedra are aligned along the a axis forming a
chain like structure. They are two Si2 chains per unit cell in which the Si1/B1 sit between
them connecting them along c through O1. The Si−O−Si and B–O–Si bond angles range
from 107.5 (2) – 116.1 (4)° and 107.9 (2) – 115.6 (2)°, respectively which are within the
range of reported values.20 Selected bond distances and angles are listed in Table 6.5.
The structure also consists of one six coordinated Na1 atom with an average
Na−O bond distance of 2.467 (4) Å. The Na1 atoms are located in the Si1/B1 voids at the
corners of the unit cell and body centered. Na1 connects to the borosilicate framework
through O2 to Si1/B1 and O3 to Si2. The nine coordinated barium atoms sit outside of
the Si1/B1 and Si2 voids and provide further connection between the borosilicate
framework. A diagram of the full unit cell is shown in Figure 6.11b. The Ba−O bond
distances range from 2.662 (4) – 3.314 (5) Å.
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Figure 6.11: a. A view of the borosilicates along [010] direction. b. The full unit cell
along the [001] direction.
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Powder XRD patterns in Figure 6.12 validate the structure solution of
NaBa2Si5BO14. The experimental pattern in black is in good agreement with the
calculated pattern from the crystallographic data. The infrared spectrum in Figure 6.13
conﬁrmed the coordination environments of the tetrahedral borate and silicate groups and
the absence of the trigonal planar borate group usually found around 1450 – 1150 cm-1.
The IR spectrum consists of bands in the range of 1121 – 864 cm-1 corresponding to the
tetrahedral borate groups stretching vibration modes.21-23 The B–O bending modes are
assigned as 781 – 718 cm−1 and 490 – 447 cm−1. Some of the BO4 a vibration bands
overlap with SiO4. The bands at 631 and 558 cm−1 correspond to Si–O stretching modes.
The band at 893 cm−1 can be assigned to the B–O–Si bending modes.24-26 The UV−vis
diffuse reflectance spectrum in Figure 6.14 show an absorption onset around 400 nm.
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Figure 6.12: Powder XRD pattern of the experimental pattern of NaBa2Si5BO14 (black)
compared to calculated pattern (red).
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Figure 6.13: Infrared spectrum of NaBa2Si2BO14.
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Figure 6.14: UV−vis diffuse reflectance spectrum of NaBa2Si5BO14.
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Table 6.5: Selected Bond Distances (Å) and Angles (°) for NaBa2Si5BO14.

[BO4] and [SiO4] groups
Distances
Si1/B1-O117 x 2
Si1/B1-O24 x 2

1.557 (3)
1.528 (2)

Si2-O3
Si2-O118
Si2-O4
Si2-O413

1.572 (3)
1.638 (3)
1.639 (4)
1.638 (3)

Angles
O1-Si1/B1-O117
O1-Si1/B1-O24
O2-Si1/B1-O24
O117-Si1/B1-O24

107.5 (2)
107.8 (2)
116.1 (4)
108.7 (2)

O3-Si2-O118
115.6 (2)
O3-Si2-O4
107.9 (2)
13
O3-Si2-O4
112.9 (2)
13
O4-Si2-O4
110.7 (2)
[NaO6] polyhedron
Distances
1,8,9
Na1-O3
x4
2.401 (3)
13,14
Na1-O2
x2
2.600 (5)

[BaO9] polyhedron
Distances
9
Ba1-O3 x 2
2.730 (4)
2,6
Ba1-O3 x 2
2.662 (4)
12,17
Ba1-O1
x 2 2.902 (3)
Ba1-O2
3.314 (5)
9
Ba1-O4 x 2
3.243 (3)

Symmetry code: (1) -x+1, -y+1, z; (2) y, -x+1, -z+2; (4) -y+2, x, -z+2; (6) -x+1, y, -z+2;
(8) -y+1, -x+1, z; (9) y, x, z; (12) y, -x+2, -z+2; (13) y-1/2, -x+3/2, -z+3/2; (14) -y+3/2,
x-1/2, -z+3/2; (17) -x+2, y, -z+2; (18) x-1/2, -y+3/2, -z+3/2.
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The Crystal Structure of Li9BaB15O27(CO3)
The structure of Li9BaB15O27(CO3) was determined in the trigonal space group
P ̅ 1c with unit cell parameters a = 8.8599 (13) Å, c = 15.148 (3) Å and a final observed
R1 of 0.0209. All atoms in this structure were refined anisotropically. The
crystallographic data is found in Table 6.1. The crystal structure is built from a [B15O27]−9
polyborate unit, a unique barium atom, three independent lithium atoms, and a [CO3]−2
group. The polyborate unit [B15O27]−9 itself is comprised of a 1:1 stacking of a [B3O9]
ring structure connected to a crown-like [B12O24] group that consists of six [B3O8] groups
shown in Figure 6.15. Trigonal planar B1 bonds to both tetrahedral borons B2 and B3
through sharing oxygen atoms, but the two tetrahedral boron atoms are never directly
linked through a common oxygen atom. B1 and B3 form interlocking rings that are
always perpendicular to one another. These interlocking rings become an intertwined
chain structure that propagates down the outer edges of the a and b axes of the unit cell,
and down the middle of the cell. B2 forms a six membered ring with itself that sits in line
with the CO3 groups down the b axis. B2 ring structure also links the parallel chains of
B1−B3 together. The average B−O bond length for the trigonal planar group is 1.366 (3)
Å and 1.478 (3) Å for the tetrahedral groups.1,2,18 The B2−O2 bond is slightly longer at
1.527 (2) Å because it links the two parallel chains of the B1−B3 structure and as a result
the O2−B2−O2 angle is shorter at 96.9 (2)°.
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Figure 6.15: Ring formation of [B3O9] connected to a crown-like [B12O24] unit forming
[B15O27]-9.
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As a whole, the borate connectivity forms a structure with large channels having a
diameter of 2.28 Å along c and 7.93 Å along a/b. Similar to the phosphate oxyanion in
Ba11B26O44(PO4)2(OH)6 (vide infra), the carbonate oxyanion in Li9BaB15O27(CO3) resides
in these voids in the borate framework (Figure 6.16a). The CO3 triangles are in opposite
orientation relative to each other in the adjacent voids, resulting in overall
centrosymmetric packing. The C−O bond length is 1.294 (3) Å and the three O6−C1−O6
angles are 120.0° proving that the groups are indeed planar (Figure 6.16b). The shorter
C−O bond distance distinguishes this unit from the borate groups in the structure, and
assignment of carbonate is necessary to achieve charge balance in the compound (since
there are no under−bonded oxygen atoms that could support a hydrogen atom assignment
if these carbonate units were instead identified as borate units). Structures where the
carbonate group occupies its own independent site where carbon atoms are not disordered
with boron are generally rare. The majority of these borate carbonate structures are
natural minerals borcarite Ca3MgB4O6(OH)6(CO3)2, sakhaite Ca3Mg(BO3)2(CO3)2) ∙ H2O,
gaudefroyite Ca4Mn[(BO3)3](CO3)O3 and carboborite Ca3Mg[B(OH)4]2(CO3)2 ∙ 4H2O,
for example, with only very few reported as synthetic structures (Ba2(BO3)1-x(CO3)xCl1+x,
Ca2Na(NaxCa0.5-x)[B3B2O8(OH)(O1-xOHx)](CO3),
Ca4(Ca0.7Na0.3)3(Na0.7□0.3)Li5[B12B10O26(O,OH)6](CO3)(OH)

∙

(OH,H2O),

SrCuO2((CO3)0.85(BO3)0.15) and Sr(Na0.4Sr0.1)Na2B5O8(OH)2(CO3)1-x .3,4,31-34

It is

especially unusual for these structures (natural or synthetic) to be both anhydrous and
contain [CO3]-2 triangles not subject to substitutional disorder with the BO3 groups within
the structure.31 In fact, after searching the inorganic structure database it appears the title
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Figure 6.16: a. Extended framework of the borates and the oxyanions of
Li9BaB15O27(CO3) view along [100] direction b. The carbonate triangle coordinated to
lithium atoms.
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compound is the first reported structure that is anhydrous, where the [CO3]-2 sits at an
independent site with no substitutional disorder with trigonal borate.
Further structural connections occur through the lithium atoms. Li1 is surrounded
by five oxygen atoms forming an extremely distorted square pyramid and sits in the
channels created by the borate framework connecting the CO3 group to the framework
through sharing O6 (Figure 6.16b). The other lithium atoms Li2 and Li3 are surrounded
by six oxygen atoms forming an octahedral arrangement. Li2 atoms sit at the corners and
the center of the cell edges along the c axis while Li3 atoms sit between the Li2 atoms
down the b axis. Both Li2 and Li3 atoms connect to the borate framework through
sharing oxygen atoms to the B1-B3 parallel chains in all directions. All of the Li-O bond
lengths are within normal ranges except for one long bond of 2.434 (5) Å, which causes
some distortion in the [LiO5] polyhedron. The barium atom is bonded to twelve
framework oxygen atoms forming a severely distorted polyhedron due to having six
bonds that are 3.255 (2) Å and six bonds that are 2.868 (2) Å. The barium atom sits in the
widest part of the channels along with Li1 and connects the borate framework in [010]
and [001] directions. Selected bond distances and angles are listed in Table 6.6 and Table
6.7.

212

Table 6.6: Selected Bond Distances (Å) and Angles (°) for Li9BaB15O27(CO3).

[BO3] and [CO3] groups
Distances
B1-O1
1.361 (3)
B1-O2
1.366 (3)
B1-O38
C1-O64,5 x 3

Angles
O1-B1-O2
120.8 (2)
8
O1-B1-O3
121.5 (2)
O2-B1-O38
O6-C1-O65

1.372 (3)
1.294 (3)

117.8 (2)
120.0 (0)

[BO4] groups
Distances
13

B2-O2 x 2
B2-O47 x 2
B3-O114
B3-O32
B3-O5
B3-O518

Angles
13

1.445 (2)
1.527 (2)
1.477 (3)
1.489 (3)
1.449 (3)
1.465 (3)

O2 -B2-O2
O47-B2-O2
O4-B2-O213
O518-B3-O5
O5-B3-O114
O5-B3-O32

96.9 (2)
112.7 (1)
108.4 (1)
110.4 (2)
112.1 (2)
109.0 (2)

Symmetry codes: (2) -x+y+1, -x+1, z; (4) -y, x-y, z; (5) -x+y, -x, z; (7) -y+2, x-y, z; (8) y+1, x-y, z; (13) x, x-y, -z+1/2; (14) x-y, x-1, -z; (18) x-y, x, -z.
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Table 6.7: Selected Bond Distances (Å) and Angles (°) for Metal Atoms in
Li9BaB15O27(CO3).

[LiO5] polyhedron
Distances
Angles
2.423 (5)
O5-Li1-O16
63.9 (1)
6
2.041 (5)
O5-Li1-O4
143.2 (3)
2.083 (5)
O22-Li1-O16 91.7 (2)
1.936 (5)
O22-Li1-O46 71.5 (2)
2.060 (5)
O22-Li1-O6 118.0 (2)
[LiO6] polyhedra
Distances
Angles
4,5,16
16
Li2-O5
x3
2.087 (2)
O5 -Li2-O518 110.0 (1)
Li2-O517,18 x3
2.087 (2)
O55-Li2-O518 180.0 (1)
Li3-O13,7 x3
1.985 (4)
O54-Li2-O518 70.0 (1)
Li3-O31,9 x3
2.145 (4)
O1-Li3-O13 101.1 (2)
O1-Li3-O31
70.1 (1)
9
O1-Li3-O3
96.8 (1)
3
9
O1 -Li3-O3
161.4 (1)
[BaO12] polyhedron

Li1-O16
Li1-O22
Li1-O46
Li1-O5
Li1-O6

Distances
Ba1-O2
x3
2.868 (2)
Ba1-O212,13 x 3
2.868 (2)
2,8,11
Ba1-O3
x3
3.255 (2)
Ba1-O312,13 x 3
3.255 (2)
2,8, 11

Symmetry codes: (1) -x+2, -y+1, -z; (2) -x+y+1, -x+1, z; (3) -x+y+2, -x+2, z; (4) -y, x-y,
z; (5) -x+y, -x, z; (6) x-1, y-1, z; (7) -y+2, x-y, z; (8) -y+1, x-y, z; (9) y+1, -x+y+1, -z;
(11) -y+1, -x+1, -z+1/2; (12) -x+y+1, y, -z+1/2; (13) x, x-y, -z+1/2; (16) -x, -y, -z; (17) y,
-x+y, -z; (18) x-y, x, -z.
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The Crystal Structure of Ba11B26O44(PO4)2(OH)6
The compound Ba11B26O44(PO4)2(OH)6 crystallizes in the monoclinic space group
P21/c with unit cell parameters a = 6.8909 (14) Å, b = 13.629 (3) Å, c = 25.851 (5) Å, β =
90.04 (3)°. The maximum residual electron density peaks are larger than normal as a
result of being in such close proximity to the heavy barium atoms. The maximum peak is
located 0.06 Å from Ba2 and 0.73 Å from Ba6, and it does not appear assignment as
unique atoms in the structure is warranted. The crystallographic data and structural
refinement parameters for each compound are given in Table 6.1. The hydrogen atoms in
were located by calculating the bond valence of each oxygen atom and finding residual
electron density around any under−bonded oxygen atoms. These hydrogen atoms were
refined isotropically with fixed coordinates. All other atoms were refined anisotropically,
with an additional ISOR restraint27 being applied to atoms B5, B8, B6, B1, and B2 due
to non-positive definite displacement parameters. The ISOR restraint was also applied to
atoms O23, B9, B10 as a result of distorted thermal ellipsoids; no disorder was found and
the data was statistically better as fully occupied atoms. Consecutive refinements resulted
in R1 = 0.0548 for the observed data. This compound was prepared in low yield by a
hydrothermal

reaction

using

barium

phosphate

and

ammonium

polyborate.

Unfortunately, after multiple tries we were unsuccessful in synthesizing sufficient
amount of the target phase for powder X-ray diffraction and IR analysis. Crystals of
sufficient size and quality to provide a good structural analysis were obtained.
The structures of several borophosphates and borate phosphates have been
recently reviewed in the literature.26 The distinction in these two types is based on
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whether the phosphate and borate are linked directly by a bridged oxygen
(borophosphates), or contains lone phosphates isolated from the polyborate building
block (borate phosphates). Within the review, a crystal structure analysis of
borophosphate and borate phosphate compounds reveals that borate rich structures have
larger, more complex building units and phosphate rich structures tend to have simple
building units. Structures composed of frameworks and layers were only observed in
small ranges between B:P = 1:1 and 1:2. As the B:P ratio decreases, the borophosphate
compounds were more inclined to form branched structures.35 It is suspected that the
higher charge of phosphorus (5+) causes a variety of soro- (pyro-) and chain structures of
borophosphate or borate phosphate with very few made of layers and frameworks. The
borate and phosphate groups in all of the structures reported in this review sat at
individual B or P sites. If any substitutional disordering occurred it was with the metal
cations.35
The borate structural repeating unit is a [B26O44(OH)6)]-16 polyanion. Similar
building blocks with such complexity and large number of independent boron atoms in
one unique structural building block have not been found to be common in the
literature.35 The building block consists of smaller units of [B13O27(OH)3]-18 linking
together along the c direction to form the larger unique polyanion [B26O44(OH)6)]-16. The
fundamental building block (FBB) is composed of small subunits analogous to building
blocks found in the literature and can be written as a shorthand notation proposed by
Hawthorne, Burns, and Grice as ∆<∆2□>–<∆2□><∆2□>–<3□>–<∆2□>.1 A triangular
tail (B1) is bonded to two orthogonal interlocking rings sharing a common boron
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tetrahedron forming [B5O12]-9 polyanion similar to a hilgardite type structure.36 This
polyanion is then bonded to a larger group consisting of three interlocking rings forming
a [B7O14(OH)3]-10 polyanion which is somewhat similar to the FBB recently found in
Rb2B7O9(OH)537 and Cs2B7O9(OH)5.38 The number of hydroxyl groups and oxygen
atoms differ however, making this polyanion unique (Figure 6.17a). There are thirteen
crystallographically independent boron atoms in this fragment with five of them trigonal
planar and eight tetrahedral, with an average B−O bond lengths of 1.366 (16) Å and
1.474 (16) Å, respectively. These values are in good agreement with reported values in
the literature where both borate groups exist.1,2,18 Selected bond distances and angles are
listed in Table 6.8 and Table 6.9.
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Figure 6.17: a. The building block of [B13O27(OH)3]-18. b. Extended framework of the
borates and the oxyanions of Ba11B26O44(PO4)2(OH)6 view along [100] direction.
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These thirteen member polyborate FBBs connect to neighboring FBBs along
[001] by means of B1−O2−B10 connections. This results in the formation of
exceptionally large building block fragments in the lattice that create large channels with
a diameter of 7.53 Å along the b axis and 7.35 Å along the c axis. These channels are
those that accommodate both barium atoms and [PO4] tetrahedra (Figure 6.17b).
Additionally in Figure 6.17b we note that the upper portion of the FBB (B1 through B6)
becomes intertwined with itself along [100] to form a helical chain similar to those in
stillwellite-type structures,39 where B2, B4 and B5 are located in the center of the chain
and B1, B3 and B6 are on the outside. The FBBs are further connected to one another
along the a and b axes by B5−O1−B1, B5−O4−B2, B7−O14−B10, and B12−O7−B3
bonding. There are four FBBs per unit cell: two FBBs fuse to create two channels but do
not directly link to the other two FBBs (which are likewise fuse to one another).
Connections between these FBB pairs occur by Ba−O bonding. The hydroxyl groups are
located in the area of the unit cell where the two sets of FBBs do not directly connect by
B−O−B bonding and rather contain several terminal B−O bonds. One hydroxyl group is
located on B6 with a O16−H16 bond length of 0.957 Å and two groups are on B13 with
bond lengths of 0.912 and 1.06 Å for O24−H24 and O25−H25, respectively. Very weak
hydrogen bonding does occur between the FBB pairs through O16−H16···O13,
O24−H24···O22 and O25-H25···O8 with an average H-acceptor distance of 2.47 Å
which is in agreement with acceptor distances reported in the literature.28,29 A complete
list of hydrogen bond distances can be found in Table 6.11.
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Figure 6.18: a. The phosphate tetrahedron coordinated to the barium atoms. b. A
representative of the two different coordination environments of the barium atoms.
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The PO4 tetrahedra are isolated within the large channels created by the borate
framework (Figure 6.17b). The bond lengths in the PO4 tetrahedron are in normal ranges
of 1.494 (10) – 1.559 (10) Å for fully-occupied phosphate tetrahedra indicating no borate
disorder. Oxygen atoms of the phosphate group bridge only to Ba atoms in the structure
(Figure 6.18a). Since the phosphate groups do not bond directly to the borate groups, the
suitable term for this structure is a borate−phosphate. Borate phosphates are relatively
rare. In reviews published in 2007 only the mineral seamanite Mn3(OH)2[B(OH)4][PO4],
Mg3[BO3][PO4], a few lanthanoid oxo-borate phosphates, and α−Zn3BPO7 were
listed.2,35,40-43 Among the reported borate phosphates and borophosphates such a complex
borate building block is uncommon. The high borate content in relations to the phosphate
ratio is also unique to this compound. In contrast borophosphates are fairly well known as
natural minerals and synthetic inorganic phases. In this compound, the PO4 groups are
stabilized in the framework through sharing oxygen atoms with all the barium atoms
except Ba3. The PO4 tetrahedra are edge sharing with Ba1 through O26−O28 and
O27−O29 edges and with Ba6 through O26−O27 edge. The barium atoms have two
different environments of nine (Ba2 and Ba4) and ten (Ba1, Ba3, Ba5, and Ba6) visible in
Figure 6.18b. The Ba−O bond lengths range from 2.584 (10) – 3.213 (10) Å which are all
within reported ranges.19 Ba1 sits in the channels created by the borate framework
connecting the PO4 groups to the borate groups while Ba3 sits at the corners of the unit
cell connecting neighboring unit cells. All the other barium atoms bridge the adjacent
borate structures. The reader can refer to Table 6.10 for the barium bond distances.
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Table 6.8: Selected Bond Distances (Å) and Angles (°) for BO3 Groups in
Ba11B26O44(PO4)2(OH)6.

[BO3] groups
Distances
B1-O1
B1-O22
B1-O3
B3-O8
B3-O51
B3-O7
B6-O10
B6-O121
B6-O111
B8-O13
B8-O1713
B8-O1613
B12-O21
B12-O23
B12-O7

1.370 (15)
1.341 (14)
1.376 (16)
1.355 (16)
1.359 (17)
1.388 (16)
1.356 (15)
1.364 (15)
1.385 (15)
1.353 (16)
1.368 (17)
1.377 (16)
1.339 (17)
1.354 (18)
1.411 (17)

Angles
2

O1-B1-O2
O1-B1-O3
O22-B1-O3
O8-B3-O51
O8-B3-O7
O51-B3-O7
O10-B6-O121
O10-B6-O111
O121-B6-O111
O13-B8-O1613
O13-B8-O1713
O1613-B8-O1713
O21-B12-O23
O21-B12-O7
O23-B12-O7

122.6 (11)
120.2 (10)
116.9 (10)
123.3 (12)
117.1 (12)
119.5 (11)
124.9 (11)
122.6 (11)
112.5 (10)
117.6 (12)
124.1 (11)
118.2 (11)
123.9 (13)
120.2 (13)
115.8 (12)

Symmetry codes: (1) x-1, y, z; (2) x+1, y, z; (13) x+1, -y+1/2, z-1/2.

222

Table 6.9: Selected Bond Distances (Å) and Angles (°) for BO4 and PO4 tetrahedra in
Ba11B26O44(PO4)2(OH)6.

[BO4] and [PO4] groups
Distances
B2-O6
1.422 (15)
B2-O4
1.432 (15)
B2-O31
1.505 (15)
B2-O5
1.509 (15)
B4-O6
1.415 (16)
B4-O9
1.426 (16)
B4-O105
1.502 (16)
B4-O82
1.516 (16)
B5-O9
1.428 (15)
B5-O42
1.444 (16)
B5-O1
1.477 (14)
B5-O113
1.514 (15)
B7-O14
1.459 (15)
B7-O12
1.461 (15)
B7-O155
1.478 (14)
B7-O13
1.508 (14)
B9-O1711
1.542 (15)
B9-O19
1.465 (15)
B9-O1510
1.466 (14)
B9-O18
1.434 (16)
B10-O186
1.445 (16)
B10-O20
1.478 (15)
B10-O26
1.482 (14)
B10-O146
1.513 (13)
B11-O20
1.459 (17)
B11-O196
1.461 (17)
B11-O22
1.484 (16)
B11-O212
1.516 (16)
1
B13-O22
1.412 (19)
B13-O248
1.484 (19)
B13-O23
1.500 (17)
B13-O251
1.516 (19)
P1-O26
1.559 (10)
P1-O27
1.548 (9)
P1-O28
1.531 (10)
P1-O29
1.494 (10)

Angles
O6-B2-O4
O6-B2-O31
O31-B2-O5

110.9 (10)
108.3 (9)
106.5 (9)

O6-B4-O9
O6-B4-O105
O105-B4-O8

112.5 (10)
108.7 (10)
106.1 (9)

O9-B5-O42
O9-B5-O1
O1-B5-O113

112.5 (10)
111.4 (10)
103.1 (9

O14-B7-O12
O14-B7-O155
O155-B7-O13

111.3 (9)
112.5 (10)
109.2 (9)

O1711-B9-O19
O17-B9-O1510
O1510-B9-O18

105.2 (9)
109.0 (9)
112.7 (10)

O186-B10-O20
O186-B10-O26
O146-B10-O26

110.8 (10)
110.6 (9)
104.4 (9)

O20-B11-O196
O20-B11-O22
O212-B11-O22

110.8 (11)
110.0(11)
109.7 (11)

O221-B13-O248
O221-B13-O23
O23-B13-O251

112.0 (12)
113.4 (11)
102.4 (12)

O26-P1-O27
O26-P1-O28
O26-P1-O29
O28-P1-O29

106.6 (5)
106.9 (5)
112.4 (6)
112.2 (6)

Symmetry codes: (1) x-1, y, z; (2) x+1, y, z; (3) -x+1, y-1/2, -z+1/2; (5) -x, y-1/2, -z+1/2;
(6) -x, y+1/2, -z+1/2; (8) -x-1, -y, -z+1; (10) -x-1, y-1/2, -z+1/2; (11) x, -y+1/2, z-1/2.
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Table 6.10: Selected Bond Distances (Å) and Angles (°) for Ba Atoms in
Ba11B26O44(PO4)2(OH)6.

[BaO9] polyhedron
Distances
6
Ba2-O4
2.863 (9)
Ba2-O66
2.690 (9)
Ba2-O10
2.864 (9)
Ba2-O11
2.783 (8)
Ba2-O12
3.095 (10)
Ba2-O1711
2.888 (9)
Ba2-O18
2.721 (8)
Ba2-O246
3.038 (10)
Ba2-O28
2.660 (9)
Ba4-O4
2.729 (9)
Ba4-O5
2.839 (8)
Ba4-O7
3.066 (9)
Ba4-O8
2.709 (9)
Ba4-O91
3.044 (9)
Ba4-O238
2.889 (9)
Ba4-O24
3.145 (10)
Ba4-O25
3.049 (10)
Ba4-O26
2.733 (9)

[BaO10] polyhedron
Distances
Distances
9
Ba1-O1
2.997 (8) Ba5-O182
3.016 (8)
Ba1-O31
2.887 (9) Ba5-O275
2.629 (9)
2
Ba1-O5
3.116 (8) Ba5-O29
2.585 (10)
Ba1-O11
2.874 (8) Ba6-O146
2.968 (8)
Ba1-O20
2.773 (8) Ba6-O15
2.635 (8)
Ba1-O212
2.991 (9) Ba6-O16
2.707 (9)
Ba1-O26
2.911 (9) Ba6-O1912
3.213 (10)
Ba1-O272
23.097 (9) Ba6-O20
2.749 (8)
Ba1-O28
2.770 (11) Ba6-O21
2.918 (9)
Ba1-O292
2.648 (10) Ba6-O22
2.703 (9)
Ba3-O134 x 2
2.892 (9) Ba6-O25
2.931 (12)
Ba3-O144 x 2
2.731 (8) Ba6-O26
2.682 (9)
Ba3-O175,11 x 2 2.951 (9) Ba6-O27
2.678 (9)
Ba3-O194 x 2
2.998 (9)
Ba3-O225,11 x 2 3.059 (9)
Ba5-O1
2.843 (9)
Ba5-O2
2.878 (8)
Ba5-O31
2.864 (90
Ba5-O6
3.106 (8)
Ba5-O9
2.780 (8)
Ba5-O12
3.144 (10)
Ba5-O155
2.772 (8)

Symmetry codes: (1) x-1, y, z; (2) x+1, y, z; (4) -x, -y, -z; (5) -x, y-1/2, -z+1/2; (6) -x,
y+1/2, -z+1/2; (8) -x-1, -y, -z+1; (9) -x+1, y+1/2, -z+1/2; (11) x, -y+1/2, z-1/2; (12) -x-1,
y+1/2, -z+1/2.
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Table 6.11: Hydrogen Bonds (Å) of Ba11B26O44(PO4)2(OH)6.

O−H∙∙∙O
O16−H16∙∙∙O13
O24−H24∙∙∙O22
O25−H25∙∙∙O8

O−H
0.957 (11)
0.912 (11)
1.06 (10)
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H∙∙∙O
2.466 (11)
2.480 (11)
2.449 (10)

Conclusions
Some interesting structural chemistry of various new borates is discussed in this
chapter. The goal was to determine some preliminary chemistry featuring the introduction
of hetero-oxyanion building blocks incorporated into metal borate lattices. Our thinking
was that tapping into new oxyanion building blocks would lead to a dramatic expansion
of the structural possibilities of metal borates. This approach to explore the oxyanion
systems has not been investigated extensively using hydrothermal methods, but the
natural occurrence of borate−phosphate, −carbonates, and –silicates, and their probable
hydrothermal origins, suggested strongly that new synthetic materials could be prepared
this way as well. Indeed we were fortunate to isolate examples of all three of the
oxyanion building blocks. Interestingly in the case of phosphate and carbonate species
Ba11B26O44(PO4)2(OH)6 and Li9BaB15O27(CO3), the oxyanion occurs as an isolated
species located in voids created by large complex polyborate chains and cages. The
isolated nature of the oxyanions classifies these compounds as borate-phosphate and
borate-carbonate in which there are very few known in the literature.
In the case of silicon, a series of interesting borosilicates were isolated where the
silicate tetrahedra are incorporated directly into the polyborate building block through
common oxygen atoms. Furthermore in contrast to the phosphate and carbonate
compounds, the borosilicates can be prepared conveniently in high yield. This would
suggest that a wide variety of crystalline borosilicate crystals can be prepared to
compliment the vast array of borosilicate glasses known. These structures are great
examples of how borate coupled with polar oxyanions can create unique structures
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through hydrothermal synthesis. One structure discussed in this chapter, NaBa2Si5BO14,
is non−centrosymmetric; however it is nonpolar with an absorption edge around 400 nm.
Although the remaining materials are centrosymmetric and not applicable as non−linear
optical materials, these structures lead to a better understanding in designing future
experiments to promote non-centrosymmetric packing within the structures. Given the
large array of experimental variables available we are confident that this chemistry is
very rich and deep. The materials that are anhydrous and could be prepared in large
amounts are good candidates as potential phosphors useful in display devices. Their
photoluminescence properties will be studied using europium as an activator in the
succeeding chapter.
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CHAPTER SEVEN
PHOTOLUMINESCENCE STUDIES OF EUROPIUM DOPED
Ba3Si2B6O16 AND Ca2B2O5

Introduction
In recent years, the development of phosphor materials have attracted a significant
amount of attention due their key role in the production of white light emitting diodes
(WLEDs) which will eventually be the new generation of lighting source.1 Compared to
incandescent filaments and fluorescent lamps, LEDs have higher efficiency, longer
lifetimes, faster response and lower power consumption.2,3 In a solid state device, white
light is generated using three principal approaches: combination of three primary colors
red, green, blue (RGB) with a near UV LED chip downconverting phosphors, blue LED
chip with a yellow phosphor allowing some of the exciting blue light to leak through
resulting in a partial downconversion, and multiple LED chips emitting at different
wavelengths in a single device.3,4 Commercially, WLEDs are fabricated using yellow
emission from Ce3+:YAG with a blue emission from InGaN chips. The phosphors absorb
the blue light from the InGaN chip and convert it into green and red light.3 Currently, the
phosphors available have issues of low luminous efficacy or low stability at high
temperatures which significantly reduces the quality of the output light and the lifetime of
the LEDs. Due to these issues, there is still a need for new phosphors with better
properties useful in the generation of white light.
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There are a variety of photoluminescent host materials such as oxides, silicates,
aluminates, and borates that have potential applications. Among the hosts investigated,
borates are great candidates owing to their ease of growth, thermal stability, and
durability. Rare earth doped borates have high efficiency, easy processability, and long
afterglow making them good phosphors for solid state devices.5 Europium is an excellent
dopant considering it exists in both divalent and trivalent states. Both ions show very
different characteristics as emitting centers, as illustrated by the energy level diagrams
presented in Figure 7.1. The Eu3+ ion photoluminescence comes from the 4f−4f
transitions that are independent of the host material. Eu3+ ion emission bands are located
in the orange−red region of the spectrum which is around 595 nm (magnetic dipole
transition 5D0→7F1) and 610−620 nm (electric dipole transition 5D0→7F2).2,3,6,7 The
intensity of the emission bands is very sensitive to the site symmetry of the Eu 3+ ions.7
The emission of Eu2+ ion is dependent on the host material and the crystal field of the
host causes a symmetry dependent splitting of the 5d electronic configuration. The
4f65d1→4f7 transition depends on the crystal field splitting of the d states which varies in
a wide range with emission from the UV to red region but in most cases emission is in the
violet−blue region.8

Coexistence of Eu2+ and Eu3+ in the same material is also a

possibility and has been observed in several previous studies involving borates, and is
also reported in this chapter.6,9,10 The photoluminescence properties of several doped
borates of both valences and multivalent europium have been studied including
Eu2+:SrB4O711,

Eu2+:Ba2B5O9Cl12,

Eu2+:CaB2Si2O813,

Eu2+:CaAl2B2O715, and Eu2+/3+:KCaBO32.
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Eu2+:LiBa2B5O1014,

This chapter present preliminary photoluminescence results of europium doped
Ba3Si2B6O16 and Ca2B2O5. The primary focus of discussion will be on the detection of
divalent and/or trivalent europium ion and reduction of Eu3+→Eu2+. This investigation of
the photoluminescence properties of europium doped borates is a contribution to the
development of phosphor materials that have potential in solid state lighting applications.

Figure 7.1: Energy level diagram of Eu2+ and Eu3+ ions.6,16
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Hydrothermal Synthesis
Eu: Ba3Si2B6O16
The synthesis of Eu3+:Ba3Si2B6O16 (1) was carried out similarly to the synthesis of
Ba3Si2B6O16 in Chapter 6. A solid state melt was first prepared using similar ratios as the
undoped material of 2.5g (36 mmol) B2O3 (Alfa Aesar 98%), 0.72g (12 mmol) SiO2 (Alfa
Aesar 99.9%) and 1.79g (12 mmol) BaO (Alfa Aesar 99.5%) with the addition of 0.127g
(0.36 mmol) Eu2O3 (Stem, 99.99%) (nominally 5.8% Eu3+). The precursor powders were
heated in a platinum crucible for 18 h at 1000 °C forming a pale blue tinted glass. The
glass feedstock (1g) and 4 mL of 1M NaOH were sealed in 6 in., 3/8” silver ampoules to
scale up the reaction and heated for 6 days at 631 °C. Only the resultant colorless
microcrystalline powder was used to avoid any contamination by the crystals of the
secondary phase, BaSi2BO6(OH). The small amount of colorless rod−like crystals of
BaSi2BO6(OH) were physically separated from the microcrystalline powder of compound
1. Elemental composition of this powder was quantified using EDX, which gave an
average final composition of 3.7% of Eu. For the purposes of this study, a specific
amount of europium doped at the barium site was not imperative, as doping of any
amount in the material is sufficient for preliminary qualitative results. Powder XRD was
used to confirm the material was phase pure and that the europium was incorporated.
Figure 7.2 compares the doped Ba3Si2B6O16 pattern to the undoped Ba3Si2B6O16 and
simulated patterns which are in good agreement with each other. The doped pattern is
slightly shifted to higher angles which implied the smaller sized Eu3+ substituted at the
Ba2+ site.
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The Eu2+:Ba3Si2B6O16 (2) material was prepared as described above. The
europium source in the solid−state reaction was 0.156g (0.7 mmol) EuCl2 (Aldrich,
99.9%) (5.8% nominally Eu2+) instead of Eu2O3. The feedstock formed as a white opaque
glass at 1000 °C. The idea was to start with Eu2+ in the feedstock in order to
hydrothermally synthesize only Eu2+ doped material instead of a mixed−valent Eu2+/3+.
The glass feedstock was hydrothermally treated using the same reaction conditions listed
above. The elemental composition of the hydrothermal material gave an average final
composition of 5.5% Eu, which is close to the composition of the starting charge. Powder
XRD of the doped pattern (Figure 7.3) is a good match to the undoped and simulated
patterns with a small shift to higher angles suggesting that Eu2+ is substituted at the Ba2+
site. Preliminary photoluminescence results (see below) revealed both compounds 1 and
2 consists of mixed−valent Eu2+/3+ ions despite starting with Eu2+ and Eu3+ in the
solid−state reactions.
The replacement of divalent Ba2+ ions by divalent Eu2+ ions occurs without
disrupting the crystal lattice not only because of similar ionic radii (Eu2+ 1.35 Å and Ba2+
1.52 Å) but also because the same ion charge resulting in a neutral lattice. On the other
hand, when trivalent Eu3+ ions (1.12 Å) replace divalent Ba2+ ions, some type of oxygen
vacancy or disorder must occur for charge compensation.2,22 Yet the doping of trivalent
cations in a divalent site is not uncommon and has been reported in the literature. The
structure of Ba3Si2B6O16 features two distinct barium atoms with Wyckoff sites of 1f for
Ba1 and 2i for Ba2 atom. The site symmetry of the Eu3+ ions in Ba3Si2B6O16 will be
discussed later in this chapter.
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Figure 7.2: Powder XRD patterns of Eu3+:Ba3Si2B6O16 (1) compared to undoped
Ba3Si2B6O16 and the simulated pattern of Ba3Si2B6O16.
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The goal of this study is to synthesize Eu2+:Ba3Si2B6O16 and due to the
mixed−valent nature of compounds 1 and 2, a series of reactions were performed using
5% H2/N2 gas and hydrazine N2H4 · H2O as reducing agents to reduce the residual Eu3+
ions in the material to all Eu2+. The reducing experiments began with heating
Eu2+/3+:Ba3Si2B6O16 powder in a tube furnace at 550 °C for 4 h under 5% H2/N2 gas flow.
Photoluminescence studies of the resultant powder revealed that mixed−valent europium
in the material remained. (See a more detailed discussion of Eu2+ and Eu3+
photoluminescence below). This process was repeated at a higher temperature of 800 °C
for 12 h which slightly hardened the powder but did not reduce the residual Eu3+.
Increasing the temperature to 1000 °C for 12 h resulted in the powder sample melting
back to the pale blue glass. Thus these efforts using the H2/N2 gas were unsuccessful and
the mixed−valent Eu2+/3+ ions still exist in the powdered sample. It may tentatively be
concluded that once the mixed−valent Eu ions are isolated in the borosilicate lattice they
are quite stabilized.
The next step in fully reducing the europium to all Eu2+ was to use hydrazine in
the initial hydrothermal reactions in different percentages. These reactions were carried in
2.5 in., 3/8” silver ampoules using 0.3g of Eu3+ or Eu2+ doped glass feedstock and 1.2 mL
of solution. Hydrazine was used in the following concentrations: 17% (0.2 mL N2H4 ·
H2O and 1 mL 1M NaOH), 22% (0.26 mL N2H4 · H2O and 0.94 mL 1M NaOH), 27%
(0.32 mL N2H4 · H2O and 0.88 mL 1M NaOH), and 34% (0.41 mL N2H4 · H2O and 0.79
mL 1 M NaOH). The resultant product for each reaction was always hard colorless
microcrystalline powder. For the sake of this discussion, hydrazine reactions using
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Figure 7.3: Powder XRD patterns of Eu2+:Ba3Si2B6O16 (2) compared to undoped
Ba3Si2B6O16 and the simulated pattern of Ba3Si2B6O16.
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Eu2+:Ba3Si2B6O16 feedstock will be referred to as compound 3 and Eu3+:Ba3Si2B6O16
feedstock will be referred to as compound 4.

Eu:Ca2B2O5
The Eu:Ca2B2O5 (5) material was synthesized using a direct hydrothermal method
of (0.1g) “LiCaBO” feedstock prepared in Chapter 4, 0.127g Eu2O3 (nominally ~6%
Eu3+), and 0.4 mL 1M NaOH at 605 °C generating 21 kpsi of pressure. The crystals of
Ca2B2O5 formed as colorless needles which were isolated and powder XRD was collected
(Figure 7.4) to verify the phase formation and purity. With the exception of the variation
of intensities, the pattern is in good agreement with the undoped and simulated patterns
of Ca2B2O5. Elemental composition showed a final composition of ~2.8% Eu which is
about half of the starting charge. Photoluminescence results of Eu:Ca2B2O5 also revealed
the presence of mixed−valent Eu2+/3+ in this material which prompted the use of a
reducing agent. Hydrazine was used in the amount of 17% in attempts to reduce the
residual Eu3+ to Eu2+ in this material. The hydrazine reaction was scaled up three times
the initial reactions using the 3/8” o.d. and 2.5 in. long ampoules. The resultant products
were colorless microcrystalline powder and clusters of colorless needles. The two
products were physically separated and identified by powder XRD as EuBO3 (powder)
and Eu:Ca2B2O5 (needles). The hydrazine reaction of Eu:Ca2B2O5 will be referred to as
compound 6.
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Figure 7.4: Powder XRD patterns of Eu3+:Ca2B2O5 (5) compared to undoped Ca2B2O5
and the simulated pattern of Ca2B2O5.
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Photoluminescence Study of Eu:Ba3Si2B6O16
The photoluminescence spectra of europium doped Ba3Si2B6O16 feedstock
material and hydrothermal compounds 1 and 2 were collected at room temperature. The
excitation spectrum (Figure 7.5) of the hydrothermally treated powder (compound 1) was
collected in the range of 200−420 nm using emission wavelengths 435 and 613 nm.
When using the emission wavelength 613 nm, the absorption band centered at 253 nm is
present due to the charge transfer transition between Eu3+ and O2-. The Eu3+→O2- charge
transfer occurs when an electron transfers from 2p6 orbital in O2- to the empty orbital of
4f of Eu3+.17,18

When monitored at emission wavelength of 435 nm, the 370 nm

absorption band is present due to 4f7→4f65d1 transition of Eu2+ ions.17,19 The combined
excitation and emission spectra of compound 1 shown in Figure 7.6 were utilized to
confirm the excitation and emission wavelengths for Eu2+ and Eu3+ ions. The excitation
spectrum obtained by monitoring the emission at 435 nm display a broad band with
maxima around 370 nm, which correspond to the splitting of the 5d orbital into t2g and
eg levels of the Eu2+ ion.20 The emission spectrum obtained using excitation wavelength
of 370 nm shows characteristic transition bands of Eu2+ centered at 435 nm and Eu3+ in
the range of 569−613 nm.2,3,6-8 This is evidence that the europium ions in this material
coexist as both Eu2+ and Eu3+.
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Figure 7.5: Excitation spectra of compound 1 monitoring the europium emission at λem =
435 nm and 613 nm.
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Figure 7.6: Excitation and emission spectra of compound 1 monitoring the emission at
λem = 435 nm and the excitation at λex = 370 nm.
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In a simple qualitative experiment, a UV lamp (short and long wave) was used to
illuminate the feedstock materials and the hydrothermally treated samples to correlate the
results of the emission spectra. Illumination of the feedstock material Eu3+:Ba3Si2B6O16
using the long wave UV light (365 nm) glowed red indicating the presence of Eu3+ ions
while compound 1 glowed blue indicating the presence of Eu2+ ions. The
photoluminescence results of compound 1 using Eu3+:Ba3Si2B6O16 feedstock revealed a
mixture of Eu2+/3+ ions regardless of starting with Eu3+ in the solid−state reaction.
Obvious from these results the reduction of europium occurred at some point during the
synthesis of compound 1, whether it was during the solid−state reaction or hydrothermal
synthesis will be determined below.
Emission spectra were collected for the Eu3+:Ba3Si2B6O16 feedstock material and
compound 1 at excitation wavelengths of 253 nm and 370 nm in the range of 350−650
nm (Figure 7.7). Emission spectrum (Figure 7.7a) of the feedstock monitoring at
excitation wavelength of 370 nm showed the presence of Eu3+ with negligible amounts of
Eu2+, while compound 1 exhibited bands of both europium ions with Eu2+ emission band
being the most intense. Transition bands for Eu2+ ion in this material can be found in the
violet−blue region of the spectrum (390−480 nm).8 The prominent photoluminescence
bands of Eu3+ ion transitions are at 578, 588 and 613 nm corresponding to 5D0→7FJ (J =
0, 1, 2).2,3,6,7

Emission spectra (Figure 7.7b) obtained by monitoring at excitation

wavelength of 253 nm displayed bands in the red region for both the feedstock and the
hydrothermally treated compound 1 suggesting the presence of Eu3+ ions. Illumination of
the feedstock and compound 1 using the short wave UV light (254 nm) glowed red
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supporting the emission spectra in Figure 7.7b. These results suggest the reduction of
europium took place during the hydrothermal treatment and not during the solid−state
reaction. This is not surprising since hydrothermal synthesis is known to create a
reducing environment.
The photoluminescence intensities of the different Eu3+ transitions are referred to
as “hypersensitive” meaning they are highly sensitive to the structure change and
environmental effects providing significant information about the site symmetry.21 As
seen in Figure 7.7, the transition observed at 613 nm (5D0→7F2) is the most intense band
among all the other emission bands suggesting the Eu3+ ions occupy an asymmetric site.21
The site symmetry of the Eu3+ ions in compound 1 will be discussed in more detail
below. As stated in the previous section, the replacement of divalent Ba2+ ions be
trivalent Eu3+ ions can take place due to the smaller Eu3+ ion (1.12 Å) doping at a larger
Ba2+ site (1.52 Å) with interstitial vacancies for charge compensation.2,22
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Figure 7.7: Emission spectra comparing solid state reaction using Eu3+ to hydrothermally
treated compound 1 monitoring excitation at λex = 370 nm and 253 nm. The images are of
the solid state reaction and hydrothermal sample under both long and short UV lamp.
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The hydrothermal treatment of Eu3+:Ba3Si2B6O16 powdered sample resulted in a
mixture of Eu2+/3+ in the material during the reaction which prompted an alternative
synthetic route to be explored for the preparation of pure Eu2+:Ba3Si2B6O16. The
photoluminescence study of Eu2+:Ba3Si2B6O16 synthesized using EuCl2 in the feedstock
and the subsequent hydrothermally treated compound 2 is shown in Figure 7.8. The
emission spectra of the feedstock Eu2+:Ba3Si2B6O16 and compound 2 resembles the
spectra of Eu3+:Ba3Si2B6O16, where both europium oxidation states were present in the
material, with the Eu2+ bands being more intense.
The UV lamp experiment on compound 2 correlated with the emission results.
Illumination using long wave light glowed blue indicating Eu2+ while using short wave
glowed blue and red indicating a mixture of europium ions. Emission of
Eu2+:Ba3Si2B6O16 feedstock using excitation wavelength at 253 nm relative to 370 nm
results in much lower blue emission intensity, suggesting better energy transfer from the
latter to the blue emission band at 435 nm. The photoluminescence emission of the
hydrothermally treated compound 2 excited at 253 nm (Figure 7.8b) contains a very
broad emission band in the range of 275 to 500 nm. This corresponds to 4f65d1→4f7
(8S7/2) transitions of Eu2+ ions.8 These results show that both synthetic routes (starting
with Eu2+ and Eu3+) result in mixed−valent Eu2+/3+; however, relatively more Eu2+ is
present when using EuCl2 in the solid−state reaction. It was concluded from Figure 7.8
that the solid−state reaction of the Eu2+:Ba3Si2B6O16 feedstock prepared by heating in air
resulted in a small amount of Eu2+ oxidizing to Eu3+.
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Figure 7.8: Emission spectra comparing solid state reaction using Eu2+ to hydrothermally
treated compound 2 monitoring excitation at λex = 370 nm and 253 nm. The images are of
the hydrothermal sample under both long and short UV lamp.
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Attempts were made to reduce the residual Eu3+ in the material to Eu2+ by using
different amounts of hydrazine monohydrate (N2H4 · H2O) in the hydrothermal reactions.
The use of hydrazine as a reducing agent in the reduction of V5+ to V4+ has been
previously demonstrated by our group in the hydrothermal synthesis of several new
hydrated rare earth V(IV) vanadates.23 The reactions of both Eu3+:Ba3Si2B6O16 and
Eu2+:Ba3Si2B6O16 feedstock materials were carried out using 17−34% by volume of
hydrazine (total volume 1.2 mL). The emission spectra of compound 3 in Figure 7.9 and
compound 4 in Figure 7.10 revealed the reactions using hydrazine in 17−27% were
sufficient enough to fully reduce Eu3+ to Eu2+, regardless of the europium source used,
either EuCl2 or Eu2O3, during the hydrothermal treatment. For reasons not entirely clear,
greater than 27% of hydrazine by volume resulted in a mix of Eu2+/3+. Too much
hydrazine was ineffective in reducing europium and could possibly self−decay to form
some ammonia analog. In Figures 7.9b and 7.10b, the emission spectra of compounds 3
and 4 using 34% hydrazine showed an additional band at 545 nm when using an
excitation wavelength of 253 nm which corresponds to Eu3+ transition 5D1→7F1. This
transition is more intense than the other Eu3+ transitions and is not observed often,
indicating a slight distortion in the environment of the Eu3+ ions in compounds 3 and 4
with larger amounts of hydrazine.

249

Figure 7.9: Emission spectra of Eu2+:Ba3Si2B6O16 solid state reaction and hydrothermal
sample 3 using reducing agent hydrazine monitoring at a. λex = 253 nm b. λex = 370 nm.
The images are of the hydrothermal sample using 17% and 34% hydrazine under a UV
lamp.
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Figure 7.10: Emission spectra of Eu3+:Ba3Si2B6O16 solid state reaction and hydrothermal
sample 4 using reducing agent hydrazine monitoring at a. λex = 253 nm b. λex = 370 nm.
The images are of the hydrothermal sample using 17% and 34% hydrazine under a UV
lamp.
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Photoluminescence Study of Eu:Ca2B2O5
Photoluminescence spectra of Eu3+:Ca2B2O5 hydrothermal treated compound 5
were recorded at room temperature using excitation wavelengths of 253 and 370 nm. The
prominent photoluminescence bands in the emission spectra monitoring at excitation
wavelength of 253 nm (Figure 7.11a) of compound 5 are located at 592, 611, and 624 nm
corresponding to 5D0→7FJ (J = 1, 2) transitions of Eu3+ ions.2,3,6,7 The 5D0→7F1 transition
band at 592 nm is the most intense Eu3+ transition suggesting the Eu3+ ions occupy a
lattice site possessing inversion symmetry. The surrounding environments of Eu3+ ion in
compound 5 are different than those of Eu3+:Ba3Si2B6O16, resulting in different relative
intensities of the Eu3+ emission bands. The structure of Ca2B2O5 has two distinct calcium
sites with the same Wyckoff position and site symmetry of 4e and 1, respectively. The
Eu3+ site symmetry of compound 5 will be discussed later in this section.
The Eu2+ transition 4f65d1→4f7 in Figure 7.11a occur at 380 nm and is less
intense than the Eu3+ transition bands suggesting that larger amounts of Eu3+ are doped at
the Ca2+ site. The UV image using 254 nm supports the emission spectra showing a
mixture of red and violet. The Eu2+ emission band in compound 5 is slightly shifted to
shorter wavelengths than compounds 1 and 2 (Eu2+/3+:Ba3Si2B6O16) which explains why
compound 5 glowed more of a violet color than blue. The emission spectra monitoring at
excitation wavelength 370 nm (Figure 7.11b) of the hydrothermal compound 5 showed a
more intense Eu2+ band with residual amounts of Eu3+. This observation was supported
by the UV image using long wave (365 nm) radiation which glowed all violet−blue.
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Figure 7.11: Emission spectra of Eu3+:Ca2B2O5 hydrothermal sample 5 (black) and
compound 6 using reducing agent hydrazine (green) monitoring at a. λex = 253 nm b. λex
= 370 nm. The images are of compound 5 under a UV lamp.
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Hydrazine monohydrate was also used in the hydrothermal reactions to reduce the
remaining Eu3+ ions to Eu2+ ions. The presented reaction of compound 6 was carried out
using 17% by volume of hydrazine (total volume 1.2 mL). The emission results shown in
Figure 7.11a and 7.11b revealed 17% of hydrazine was seemingly effective in completely
reducing Eu3+ to Eu2+ when monitoring at excitation wavelength of 253 nm; however
when monitoring at excitation wavelength of 370 nm it was clear that hydrazine was
actually somewhat less effective in the reduction. The use of no hydrazine in compound 5
showed less Eu3+ when exciting at 370 nm than 17% of hydrazine in compound 6. These
results suggest that perhaps a full reduction may occur when using less than 17% of
hydrazine.
As reported earlier, the emission of Eu2+ is dependent on the host material
because the size effect on the crystal field splitting is more substantial for the excited 4f n1

5d states than that of 4f6−4f6 transition of Eu3+.24 Comparing the Eu2+ emission band

position of Ca2B2O5 (422 nm) to Ba3Si2B6O16 (434 nm) (Figure 7.12) revealed a 12 nm
difference. The observed blue shift in the maxima for Eu2+:Ca2B2O5 (5) can be attributed
to the sensitive nature of the emission of Eu2+ to the changes of the crystal field of the
host lattice. In this case we are comparing Ca2B2O5 host with calcium coordination
environments of six or seven to Ba3Si2B6O16 host with a coordination environment of
eleven. The different coordination environments of the Eu2+ ions in the respective host
lattices play an important role in determining the position of the Eu2+ emission transition.
In comparing the Eu3+ emission band intensities for Eu3+:Ca2B2O5 (5) to
Eu3+:Ba3Si2B6O16 (1) (Figure 7.13) important information about the site symmetry of the
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Eu3+ ion in these compounds was revealed. In Figure 7.13a, transition 5D0→7F1 is more
intense indicating the Eu3+ ion occupies an inversion symmetry site in compound 5. In
the structure solution of Ca2B2O5 reported in Chapter 4, the two different calcium atoms
have a Wyckoff position of 4e and site symmetry of 1 (asymmetric site). The calcium
atoms in this structure contain no inversion symmetry which contradicts the result of the
hypersensitive phenomena of the Eu3+ emission transitions. This discrepancy cannot be
fully explained at this time but may have something to do with issues in the structure
solution of Ca2B2O5. A possible explanation could be that the defect in the structure
created when doping a trivalent cation (Eu3+) at a divalent site (Ca2+) causes the Eu3+ ions
to shift to an inversion center. Figure 7.13b indicates the Eu3+ ions in compound 1 occupy
an asymmetric site due to the more intense 5D0→7F2 transition. The structure of
Ba3Si2B6O16 consists of two distinct barium atoms with Wyckoff position and site
symmetry of 1f and ̅ (inversion site) for Ba1 and 2i and 1 (asymmetric site) for Ba2
atom, respectively. This suggests the Eu3+ ions substitute for Ba2 in the Ba3Si2B6O16
structure because it sits at an asymmetric site.
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Figure 7.12: Emission spectra of Eu2+:Ca2B2O5 (5) and Eu2+:Ba3Si2B6O16 (1)
hydrothermal samples monitoring at λex = 370 nm.
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Figure 7.13: Emission spectra of a. Eu3+:Ca2B2O5 (5) b. Eu3+:Ba3Si2B6O16 (1)
hydrothermal samples monitoring at λex = 253 nm.
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Conclusions
The luminescence studies herein provide fundamental and practical insight into
the optical properties of these materials. These results indicate both Eu:Ca2B2O5 and
Eu:Ba3Si2B6O16 are chromatically sustainable and efficient as Eu2+ and Eu3+ emitting
phosphors. Hydrothermal methods have been shown to be very versatile in the synthesis
of these materials especially by creating a reducing atmosphere during the reactions that
can control the final oxidation state of the Eu ion. Preparing a feedstock material by
solid−state reaction first then hydrothermal treatment and using direct hydrothermal
methods both prove to be effective approaches of doping Ca2B2O5 and Ba3Si2B6O16 with
europium. The use of hydrazine monohydrate as the reducing agent in low amounts
during hydrothermal growth proved to be effective in the complete reduction of Eu3+ to
all Eu2+.
The preliminary results suggest the materials can act as suitable phosphors in the
production WLEDs. The phosphors developed in this chapter show strong and stable blue
and red photoluminescence centered around 435 nm for Eu2+ ions and 613 nm for Eu3+
ions. Although the overall goal was to synthesis Eu2+:Ca2B2O5 and Eu2+:Ba3Si2B6O16, one
side advantage of having mixed−valent europium in one material is the ability to tune the
color by exciting at different wavelengths. These results also provide key information
about the site symmetries of the europium ions in both Ca2B2O5 and Ba3Si2B6O16
structures. The emission of Eu2+ in Ca2B2O5 is shifted to the blue region more than
Ba3Si2B6O16 due to weakened crystal field strength. Further studies are needed in fully
understanding the luminescence mechanism of these systems, particularly Ca2B2O5.
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CHAPTER EIGHT
AN INVESTIGATION OF THE DESCRIPTIVE CHEMISTRY OF EUROPIUM
SILICATES AND BOROSILICATES

Introduction
A new series of europium silicates and borosilicates were initially discovered
during the photoluminescence studies of europium doped borosilicates (Ba3Si2B6O16 and
NaBa2Si5BO14). The addition of europium into the hydrothermal reaction uncovered a
very rich system that has not been explored as extensively as other lanthanide
compounds. Previous studies of rare earth silicates and borosilicates in the literature have
shown these compounds to be promising lasing, ionic conductive and luminescent
materials such as stillwellite structure LnBMO5 where Ln = La, Pr, Nd and M = Si, Ge,1,2
Cs3EuSi6O153 and M10(SiO4)6O2 M = rare earth, alkaline earth metals.4

Reports of

europium borosilicate crystal structures are quite scarce as they are known to have a
strong tendency to form glasses. The structure of Eu3BSi2O10 is the only pure europium
borosilicate reported in the literature. This compound was synthesized using a high
temperature solid state reaction of Eu2O3−B2O3−SiO2 followed by a chemical vapor
transport. Eu3BSi2O10 was determined in the orthorhombic space group Pbca and is
composed of layers of isolated [BSiO6]-5 and [SiO4]-4 groups that alternate along the c
axis. The layers are linked through bonding to Eu3+ ions to form a three dimensional
network structure.5
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A brief survey of the literature revealed there are approximately thirty known
alkali and/or alkaline earth containing europium silicate structures; however, pure
europium silicate compounds are again few in number, α−EuSiO36,7, Eu2SiO46,7,8,
Eu2Si2O79 and Eu3SiO56,7. Majority of these structures were synthesized using high
temperature solid state reactions and/or chemical transport methods of the binary system
of EuO−SiO2.6,8,9 With the lack of new europium silicate and borosilicate structures, it
would be an optimal choice to expand the chemistry of these underdeveloped systems.
In this chapter, three new phases including a mixed alkali−alkaline earth−Eu3+, a
Eu3+ borosilicate and a mixed valent Eu2+/3+ oxyapatite single crystal structures are
reported; NaBaEuSi3O9, Eu2SiB2O8 and Eu5(SiO4)3O. The focus of discussion in this
chapter will emphasize the syntheses, structural analysis and characterizations of these
materials. In addition, two new apatite type phases, NaEu9(SiO4)6O2 and Eu5Si2BO13,
which formed as microcrystalline powder were also synthesized. Their structures will be
discussed according to powder XRD, UV−vis diffuse reflectance absorption and emission
spectroscopies in comparison to similar apatite phases. This preliminary exploration into
the europium descriptive chemistry using hydrothermal synthesis has barely scratched the
surface of europium silicate and borosilicate crystal chemistry.

Hydrothermal Synthesis
Investigation of novel europium silicates and borosilicates began with
hydrothermally treating a previously prepared feedstock by solid state reaction and
adding Eu2O3 or EuCl2 powder to the reaction. Feedstock material (0.3g), “BaSiBO-1”
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(preparation discussed in Chapter 6), along with 0.16g of EuCl2 and 1.2 mL of 1M NaOH
were loaded into a 1/4” o.d, 3 in. long silver ampoule and heated for 6 days at 625 °C
generating 27.5 kpsi of pressure. Originally this reaction was attempting to synthesize
Eu2+:Ba3Si2B6O16. Green crystalline clusters were the resultant products of this reaction.
Initially, no single crystals were found so we proceeded with collecting powder XRD.
The powder pattern was in good agreement with a pattern in the PDXL database for
SrEu4(SiO4)3O, and slightly shifted to higher angles than the pattern of Eu5(SiO4)3F
(Figure 8.1a).10 Considering this result, we assumed the resultant powder was the barium
analog of SrEu4(SiO4)3O; however, several elemental analyses on the material detected
O, Si, Eu and no Ba, leaving us to consider the possibility of mixed valent Eu5(SiO4)3O.
Upon further inspection of the remaining product and ground powder in mineral oil, one
very small colorless crystal and very few small green rods (~0.08 mm in size) were
discovered. These microcrystals were hidden within the crystalline cluster of powder
during initial inspection. The colorless crystal was determined to be Eu2SiB2O8 in the
orthorhombic space group Pbcn, while the green rods were determined to be Eu5(SiO4)3O
in the hexagonal space group P63/m. A calculated pattern (red) from the crystallographic
data of Eu5(SiO4)3O is in good agreement with the experimental pattern (black) of the
green powder shown in Figure 8.1b. These structures will be discussed in more detail
below.
In an attempt to synthesize Eu3+:NaBa2Si5BO14, feedstock material (0.3g),
“BaSiBO-2” (preparation discussed in chapter 6) was added to 3/8” o.d, 2.5 in. ampoule
along with 0.24g Eu2O3 and 1.2 mL of 3M NaOH. This reaction was heated for 6 days at
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517 °C generating 16.5 kpsi of pressure. The products were a 50:50 mix of powder and
colorless rods. Using single crystal X−ray diffraction, the colorless rods were determined
to be NaBaEuSi3O9 in the non−centrosymmetric orthorhombic space group P212121.
Elemental analysis supports the structure determination with atomic percentages of O
(67%), Si (14%), Na (5.5%), Ba (5.5%) and Eu (7.6%). Through the use of powder XRD,
the resultant powder in this reaction is in good agreement with the pattern of spencite
(apatite family) (La, Nd)(Ce, Pr, Th)2Ca2(Si2B)O13 (Figure 8.2a).10 Unfortunately, no
crystals of the spencite phase were obtained. With the help of EDX, we determined the
material contained no barium and predicted Eu5Si2BO13 as the product chemical formula.
A series of reactions were carried out in attempts to recrystallize this powder to
form crystals. First, the temperature of the reaction was increased to 622 °C keeping the
concentration of the mineralizer solution constant at 3M NaOH; then increasing the
concentration of the mineralizer to 5M NaOH and the temperature to 622 °C both
resulted in the same products as observed before, powder of spencite and colorless rods
of NaBaEuSi3O9. On an interesting note, increasing the temperature and concentration of
the mineralizer produced more crystals of NaBaEuSi3O9 than the previous reactions.
When 5M NaOH solution was used at the original temperature of 519 °C it resulted in a
powder pattern match to a different apatite phase, Ca2Eu8(SiO4)6O2 (Figure 8.2b).10
Similarly, no crystals were obtained and EDX verified the absence of barium and the
presence of Na from the mineralizer in the material. The elemental analysis helped us to
conclude NaEu9(SiO4)6O2 as the formula of this newly synthesized material.
Recrystallization experiments performed on the spencite and NaEu9(SiO4)6O2 powders
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were also unsuccessful. Changing the mineralizer solutions to larger alkali hydroxides
(Cs and K), increasing the temperature by 50 °C and increasing the lengths of the
ampoules to vary the temperature gradient were all fruitless. Nonetheless, the versatility
of hydrothermal synthesis promotes the formation new and interesting structures.
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Figure 8.1: a. Powder XRD pattern of Eu5(SiO4)3O compared to literature patterns of
SrEu4(SiO4)3O and Eu5(SiO4)3F.10 b. Experimental pattern (black) compared to
calculated pattern (red) of Eu5(SiO4)3O.
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Figure 8.2: a. Powder XRD pattern of Eu5Si2BO13 compared to the literature pattern of
heated spencite.10 b. Powder XRD pattern of NaEu9(SiO4)6O2 compared to the literature
pattern of Ca2Eu8(SiO4)6O2.
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Table 8.1: Crystallographic Data of New Europium Silicates and Borosilicates.
Empirical Formula
Formula weight
Space group

NaBaEuSi3O9
540.56
P212121 (no. 19)

Eu2SiB2O8
481.63
Pbcn (no. 60)

Eu5(SiO4)3O
1052.07
P63/m (no. 176)

a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
Z
Dcalc, Mg/m3

5.6373 (11)
11.483 (2)
12.535 (3)

13.310 (3)
4.4247 (9)
9.2394 (18)

9.4619 (19)

811.4 (3)
4
4.425

544.15 (19)
4
5.879

543.15 (19)
2
6.433

Parameters
μ, mm-1
θ range, °
Reflections
Collected
Independent
Observed [I≥2σ(I)]
R (int)

136
13.099
2.41−25.99

60
23.070
3.06−26.06

39
28.851
2.49−26.04

7396
1580
1449

4374
542
475

5062
390
366

0.0338
0.0696

0.0291
0.0627

0.0335
0.0753

0.0394
0.0729

0.0348
0.0653

0.0357
0.0766

Final R (obs. data)a
R1
wR2
Final R (all data)
R1
wR2

7.0054 (14)

Goodness of fit on F2
1.22
1.18
1.19
Largest diff. peak,
1.69
2.49
1.98
e/Å3
Largest diff. hole,
-1.26
-1.74
-1.69
e/Å3
a
R1 = [∑||F0| - |Fc||]/∑|F0|; wR2 = {[∑w[(F0)2 – (Fc)2]2]}1/2
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The Crystal Structure of NaBaEuSi3O9
The structure of NaBaEuSi3O9 crystallizes in the non−centrosymmetric
orthorhombic space group P212121 with unit cell parameters a = 5.6373 (11) Å, b =
11.843 (2) Å, and c = 12.535 (3) Å. A total of 7396 reflections were collected, 1580 were
unique. A complete list of the crystallographic data can be found in Table 8.1. One atom
(O6) exhibited non-positive definite anisotropic mean square displacements, so ISOR
restraints were placed on this atom in SHELTXL during the final refinement.11 All atoms
in this structure were refined anisotropically with a final R1 value of 0.034.
NaBaEuSi3O9 is the europium analog of a known NaBaNdSi3O9 phase which was
discovered in 1984 during an investigation of Na2O−BaO−Nd2O3−SiO2−H2O system for
obtaining new rare earth compounds for potential laser materials.12 Those previous
reactions were carried in hydrothermal fluids using copper capsules at 450 °C and 1kbar
of pressure for 7 to 8 days.12,13 The structure of NaBaEuSi3O9 is built from three
membered Si3O9 rings shown in Figure 8.3a. There are four cyclosilicate groups per unit
cell that are symmetrically related by the 21 screw axes (Figure 8.3b). The Si−O bond
distances of the tetrahedra range from 1.586 (9) – 1.687 (7) Å where the six terminal
oxygens (O1, O2, O5, O7, O8, O9) are slightly shorter (average of 1.596 (9) Å) than the
bridging oxygens (O3, O4, O6) (average of 1.668 (8) Å). A standard Si−O bond distance
is usually accepted to be 1.64 Å.14 The shortening of the terminal Si−O bond is due to
increased attractive forces while the elongation of the bridging Si−O bond is due to
reduced attractive forces in the structure. This distortion in the cyclosilicate groups is
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Figure 8.3: a. The asymmetric unit Si3O9 as 50% probability thermal ellipsoids b. The
Si3O9 rings throughout the unit cell along [100] direction c. The Na atom connection to
the cyclosilicate groups slightly off the b axis d. A view of the full unit cell in the [100]
direction.
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reflected in the wide range of the O−Si−O bond angles of 101.6 (4) – 117.8 (5)°. A
complete list of selected bond distances and angles are listed in Table 8.2.
The isolated Si3O9 rings link together through bonding of the polyhedra EuO6,
NaO7, and BaO8. The coordination of Eu atoms form an octahedron with bond distances
ranging from 2.299 (8) – 2.379 (8) Å. The Eu atoms bond only to terminal oxygen atoms
of the cyclosilicate groups creating a Eu−O−Si framework shown in Figure 8.3d. The Na
atoms are bonded to seven oxygen atoms (both terminal and bridging) with bond
distances ranging from 2.358 (9) – 2.882 (10) Å. The Na atoms sit between the Si3O9
rings and the bonds to oxygen atoms O6, O3, O4, O7 are slightly elongated. The bond
bridging O3 and O4 connect up or down to Na1 depending on the position of the Na
atom. The connection to bridging O6 atom occur along the a axis to the adjacent Si3O9
ring while the bond to terminal O7 atom occur in bc plane to a different neighboring
Si3O9 ring (Figure 8.3c). The eight coordinate Ba atoms are located in the widest area of
the unit cell connecting only to terminal oxygen atoms. The Ba−O bond distances ranging
from 2.694 (8) – 3.008 (9) Å which is in good agreement with reported values.14 Ba1
edge with itself through O2 and O1. A view of the full unit cell in the [100] direction is
displayed in Figure 8.3c. A complete list of the metal bond distances are listed in Table
8.3.
Powder XRD pattern in Figure 8.4 was used to conﬁrm the bulk material was
indeed the target phase NaBaEuSi3O9. The experimental pattern (black) is in good
agreement with the calculated pattern (red) from the crystallographic data. UV−vis
diffuse reflectance absorption spectroscopy was used to confirm the presence of Eu3+ ions
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in the structure with no Eu2+ detectable. As shown in Figure 8.5, there is a large broad
absorption band with maxima at 257 nm corresponding to the charge transfer of Eu3+ to
O2-.15 The inset in Figure 8.5 show weaker, sharper absorption bands from 361−532 nm
which are attributed to the f−f electronic transitions of the Eu3+ ion.16

Figure 8.4: The powder XRD of the experimental pattern (black) compared to the
calculated pattern (red).
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Figure 8.5: The UV−vis diffuse reflectance absorption spectrum of NaBaEuSi3O9
collected from 200−800 nm.
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Table 8.2: Selected Bond Distances (Å) and Angles (°) for NaBaEuSi3O9.

[SiO4] groups
Distances
Si1-O1
Si1-O2
Si1-O3
Si1-O4
Si2-O49
Si2-O5
Si2-O6
Si2-O7
Si3-O314
Si3-O610
Si3-O8
Si3-O9

Angles

1.589 (9)
1.597 (9)
1.665 (8)
1.674 (8)
1.666 (9)
1.612 (9)
1.670 (8)
1.590 (8)
1.644 (10)
1.687 (7)
1.600 (9)
1.586 (9)

O1-Si1-O2
O1-Si1-O3
O1-Si1-O4
O3-Si1-O4
O49-Si2-O5
O49-Si2-O6
O49-Si2-O7
O6-Si2-O7
O314-Si3-O610
O314-Si3-O8
O314-Si3-O9
O8-Si3-O9

113.6 (4)
111.9 (5)
109.5 (5)
101.6 (4)
112.1 (5)
104.0 (4)
105.4 (5)
106.7 (5)
102.5 (4)
107.6 (5)
107.3 (5)
117.8 (5)

Symmetry codes: (9) -x+2, y-1/2, -z+1/2; (10) x+1/2, -y+1/2, -z+1; (14) -x+5/2, -y+1,
z+1/2.
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Table 8.3: Selected Bond Distances (Å) and Angles (°) for Metal Atoms in
NaBaEuSi3O9.

Eu1-O11
Eu1-O2
Eu1-O52
Eu1-O7
Eu1-O811
Eu1-O9
Na1-O33
Na1-O43
Na1-O510
Na1-O6
Na1-O610
Na1-O7
Na1-O8

[EuO6] polyhedron
Distances
2.346 (8)
2.346 (9)
2.331 (8)
2.379 (8)
2.318 (8)
2.299 (8)
[NaO7] polyhedron
Distances
2.687 (11)
2.842 (11)
2.429 (10)
2.384 (9)
2.658 (11)
2.882 (10)
2.358 (9)
[BaO8] polyhedron
Distances

Ba1-O1

1

2.736 (8)

Ba1-O16

2.868 (8)

Ba1-O2

2.744 (9)

Ba1-O2

6

3.008 (9)

Ba1-O513

2.937 (8)

Ba1-O7

7

2.912 (8)

Ba1-O87

2.761 (8)

6

2.694 (8)

Ba1-O9

Symmetry codes: (1) x-1, y, z; (2) x+1, y, z; (3) -x+3/2, -y+1, z+1/2; (6) x-1/2, -y+3/2, z+1; (7) x+1/2, -y+3/2, -z+1; (10) x+1/2, -y+1/2, -z+1; (11) -x+3/2, -y+1, z-1/2; (13) x+1, y+1/2, -z+1/2.
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The Crystal Structure of Eu2SiB2O8
The structure of Eu2SiB2O8 crystallizes in the orthorhombic space group Pbcn
with lattice parameters a = 13.310 (3) Å, b = 4.4247 (9) Å, and c = 9.2394 (18) Å. A total
of 4374 reflections were collected, 542 were unique. Consecutive reﬁnements resulted in
a ﬁnal R1 value of 0.029 based on the observed data. A complete list of the
crystallographic data can be found in Table 8.1. The structure of Eu2SiB2O8 is
isostructural with a family of lanthanide borogermanates, Ln2GeB2O8 (Ln = Nd,
Sm−Tb.17 This previous series of compounds were synthesized by high temperature solid
state reactions of H3BO3−GeO2−Lanthanide oxides−Rb2CO3 in platinum crucibles and
studied as potential magnetic and luminescent materials.17
The compound consists of one EuO9 polyhedron, one BO4 and SiO4 tetrahedra.
The tetrahedral borate group connect through O3 to form a pyroborate [B2O7]−8 moiety
(Figure 8.5a). The B−O distances and O−B−O angles are in the range of 1.434 (12) –
1.505 (12) Å with an average of 1.483 (12) Å and 104.7 (7) – 113.7 (8)°, respectively.
These values are in agreement with reported values in other borosilicate containing
structures with tetrahedral borate groups.18-20 The BO4 tetrahedra connect down the b
axis forming a chain structure (Figure 8.6b). There are four chains per unit cell that do
not connect directly link together; the silicon atoms provide that connection along the
[100] direction shown in Figure 8.6d. The [SiB2O8]-6 (Figure 8.6c) two−dimensional
layered framework extends infinitely parallel to the [100] direction. A view of this
connection is displayed in Figure 8.7. The structure does have one slightly elongated
tetrahedral B–O bonds (B1–O2) as a result of bridging to the [SiO4] groups. Connections
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along [001] are made through Eu–O bonding, resulting in an overall layered sheet
structure also shown in Figure 8.7. The Si–O bond distances and bond angles ranged
from 1.597 (7) – 1.647 (7) Å and 107.8 (5) – 111.4 (5)°, respectively.14,21 The B1–O2–
Si1 bond angle is 118.6 (6)° Selected bond distances and angles are listed in Table 8.4.
Eu1 atoms sit between the layers created by the [SiB2O8] moiety along the a axis
and connects to the framework oxygen atoms. This Eu3+ ion is coordinated to nine
[SiB2O8]-6 framework oxygen atoms with seven normal bonds and two long bonds. The
normal Eu1–O bond distances range from 2.313 (6) – 2.498 (7) Å forming a distorted
monocapped trigonal prism. The elongated bonds distances Eu1–O3 are 2.926 (7) Å and
2.965 (7) Å that connect to the borosilicate framework along the ab plane. Eu1 atoms
edge share to itself through O1 and O3. The bond distances for the europium atoms are
listed in Table 8.4.
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Figure 8.6: a. Pyroborate [B2O7]-8 unit. b. Connection of the borate groups down
the b axis. c. Overall building block [SiB2O8]-6. d. The isolated borate chains slightly off
the b axis.
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Figure 8.7: Extended layered structure of the [SiB2O8]-6 viewed along [010] direction.
Connections of the europium atoms to the borosilicate framework are also displayed.
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Table 8.4: Selected Bond Distances (Å) and Angles (°) for Eu2SiB2O8.

[BO4] and [SiO4] groups
Distances
6

B1-O1
B1-O2
B1-O33
B1-O311

1.434 (12)
1.505 (12)
1.494 (13)
1.499 (12)

Si1-O2
Si1-O26
Si1-O4
Si1-O46

1.647 (7)
1.647 (7)
1.597 (7)
1.597 (7)

Eu1-O1
Eu1-O11
Eu1-O112
Eu1-O24
Eu1-O3

Angles
6

O1 -B1-O2
O16-B1-O311
O311-B1-O33

108.7 (8)
113.7 (8)
104.7 (7)

O2-Si1-O26
O26-Si1-O4
O26-Si1-O46
O4-Si1-O46
[EuO9] polyhedron
Distances
2.399 (6)
Eu1-O39
2.453 (6)
Eu1-O313
2.369 (6)
Eu1-O4
2.430 (7)
Eu1-O43
2.498 (7)

107.8 (5)
110.9 (3)
107.9 (3)
111.4 (5)

2.965 (7)
2.926 (7)
2.313 (6)
2.336 (6)

Symmetry codes: (1) x, y-1, z; (3) -x, -y, -z+1; (4) -x, -y+1, -z+1; (6) -x, y, -z+3/2; (9) x,
-y, z+1/2; (11) x-1/2, -y+1/2, -z+1; (12) -x+1/2, y-1/2, z; (13) -x+1/2, y+1/2, z.

280

The Crystal Structure of Eu5(SiO4)3O
The structure of Eu5(SiO4)3O crystallizes in the hexagonal space group P63/m
with unit cell parameters a = 9.4619 (19) Å and c = 7.0054 (14) Å. A total of 5062
reflections were collected, 390 were unique. All atoms in this structure were refined
anisotropically with a final R1 value of 0.034. A complete list of the crystallographic data
can be found in Table 8.1. This structure belongs to the apatite family of compounds with
a general formula, M5(XO4)3Z, where M = alkali, alkaline earth and rare earth metals, X
= P, As, V, Si, S, B and Z = F, Cl, OH, O determined in hexagonal or pseudo hexagonal
space groups.22-24 The apatite family of natural minerals and synthetic compounds have
long been studied as potential lasing, luminescent and ionic conducting materials.4,22-25
The presented structure is a member of the subcategory of rare earth orthosilicate
oxyapatites which includes CaLa4(SiO4)3O26,27, CaY4(SiO4)3O28, SrPr4(SiO4)3O24 and
SrEu4(SiO4)3O (only reported in powder diffraction database)10. In this case, Eu2+ shows
a lot of similarity to the alkaline earth metals so the formation of apatite compounds with
both divalent and trivalent europium such as in the structure of Eu5(SiO4)3F can be
expected. A more informative formula can be written as Eu2+(Eu3+)4(SiO4)3O.
The structure is composed of a SiO4 tetrahedron and two distinct europium atoms
with seven and nine coordination environments. Isolated SiO4 tetrahedra are the building
blocks within the structure that are related by mirror symmetry (Figure 8.8). The average
Si−O bond distance and O−Si−O bond angle of 1.60 (2) Å and 109.3 (12)°, respectively.
The europium atoms connect the adjacent SiO4 group to each other. The oxide (O1) sits
along the c axis mirror plane and only bond to Eu1. The seven coordinate europium site
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(Eu1) is occupied by Eu3+ cations forming a distorted pentagonal bipyramid, whereas the
nine coordinate (Eu2) is assigned as Eu2+ cations forming a distorted tricapped trigonal
prism. The position of the europium atoms alternate along the [100] and [010] directions
(Figure 8.9a). The bond distances of Eu1−O and Eu2−O range from 2.234 (2) – 2.66 (3)
Å and 2.43 – 2.83 (2) Å, respectively. A complete list of bond distances and angles can
be found in Table 8.5. As expected the bond distances of Eu2 is longer than Eu1 as the
ionic radius of Eu1 (1.01 Å) is smaller than Eu2 (1.30 Å).14 Eu1 corner shares with itself
through O1 and O4. Eu2 edge shares with Eu1 through O3 and O4 and with itself through
O2 (Figure 8.9b).
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Figure 8.8: The isolated SiO4 tetrahedra within the unit cell in the [001] direction.
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Figure 8.9: a. A view of the alternating europium atoms within the cell along the b axis.
b. Connections of the europium atoms to the isolated SiO4 tetrahedra.
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UV−vis diffuse reflectance absorption spectroscopy was used to confirm the
presence of both Eu2+/3+ ions in the structure. As shown in Figure 8.10a, there are two
broad absorption bands with maxima at 219 and 377 nm attributed to the crystal field
splitting of Eu2+ 4f7(8S7/2)→4f65d1(7FJ).29-31

Absorption in the violet−blue region

correlates to the pale green color of the crystals. Figure 8.10b depicts the charge transfer
of Eu3+ to O2- at 244 nm.15 In Figures 8.11a and b, the absorption bands 7F0→5L6 (393
nm), 7F0→5D4 (352 nm), 7F0→5G2-6 (376 nm), 7F0→5D1 (530 nm) and 7F0→5D0 (577 nm)
are observed for the Eu3+ ion.16 Emission spectroscopy was performed to confirm the
mixed valent europium species in this material. The emission spectra (Figure 8.12) were
collected monitoring excitation wavelengths of 370 nm and 253 nm. The spectra showed
a broad band with maxima at 423 nm characteristic of Eu2+ ion 4f65d1→4f7 transition but
Eu3+ transitions were not observed. One possible explanation could be all of the
excitation photons were used to excite the Eu2+ ions as a result of Eu2+ d−f transition
being spin allowed (strong absorber) and the amount of Eu2+ ions present in this material
is much greater than the doped materials in Chapter 7 where we observed both Eu2+/3+
emission bands. The absence of the Eu3+ transitions in the emission spectrum could also
be a consequence of the instrument not being able to detect the emission due to the long
excited state lifetime of Eu3+ ions (milliseconds).
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Figure 8.10: UV−vis diffuse reflectance absorption spectrum of Eu5(SiO4)3O collected
from a. 200−800 nm. b. 200−300 nm.
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Figure 8.11: UV−vis diffuse reflectance absorption spectrum of Eu5(SiO4)3O collected
from a. 300−400 nm. b. 500−650 nm.
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Figure 8.12: Emission spectra of Eu5(SiO4)3O monitoring excitation at λex = 370 nm and
253 nm.
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Table 8.5: Selected Bond Distances (Å) and Angles (°) for Eu5(SiO4)3O.

[SiO4] group
Distances
Si1-O2
Si1-O3
Si1-O4
Si1-O415

Eu1-O1
Eu1-O26
Eu1-O3
Eu1-O49,18 x 2
Eu1-O43,17 x 2

Angles

1.66 (3)
1.57 (2)
1.59 (2)
1.59 (2)

O2-Si1-O3
O2-Si1-O4
O3-Si1-O415
O4-Si1-O415

[EuO7] and [EuO9] polyhedra
Distances
2.234 (2)
Eu2-O29,11,16 x 3
2.38 (2)
Eu2-O32,6 x 3
2.66 (3)
Eu2-O46,9,11 x 3
2.35 (2)
2.47 (2)

112.8 (14)
109.0 (10)
110.4 (9)
105.0 (16)

2.43 (2)
2.41 (2)
2.83 (2)

Symmetry codes: (2) -y, x-y+1, z; (3) -y+1, x-y+2, z; (6) -x+y-1, -x, z; (9) x-y+1, x+1, -z;
(11) -x-1, -y+1, -z; (15) x, y, -z+1/2; (16) y-1, -x+y-1, -z; (17) -y+1, x-y+2, -z+1/2; (18)
x-y+1, x+1, z+1/2.
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Characterization of NaEu9(SiO4)6O2
Despite the difficulties associated with synthesizing single crystals of
NaEu9(SiO4)6O2, the preliminary characterizations presented show promising results. The
powder XRD pattern of NaEu9(SiO4)6O2 suggested it has a similar structure to the
oxyapatite, Ca2Eu8(SiO4)6O2. Maintaining the apatite general formula, M10(SiO4)6O2,
alternatively, one monovalent cation may replace one trivalent cation such as in the
presented compound, NaEu9(SiO4)6O2, where one Eu3+ ion is replaced by a Na+ ion.
Elemental analysis confirmed the presence of sodium and the experimental pattern in
Figure 8.2b is slightly shifted to higher angles indicating the incorporation of the smaller
Na+ cation. Additional apatite type compounds in the literature include M2RE8(SiO4)6O2
where M = Mg, Ca, Sr and RE = Y, Nd, Gd, La.25,32 To our knowledge, single crystals
were obtained of only Ca2La8(SiO4)6O2 and Ca2Y8(SiO4)6O2 which were grown by
Czochralski pulling technique.27,28 The remaining analogs were determined only by
X−ray and/or neutron powder diffraction. The make−up of this structure closely
resembles those of the apatite family previously reported. Apatites have been studied as
suitable host lattice for luminescent and laser materials. Oxyapatites have recently
attracted attention as a new class of oxygen ion conductors. Materials that exhibit good
oxygen ion conductivity may be applicable in electrochemical applications such as solid
oxide fuel cells and separation membranes.4 Simulation studies on Sr2La8(SiO4)6O2 and
La9.33(SiO4)6O2 provided insight into the oxide ion migration mechanisms in silicate
oxyapatites and revealed the non−stoichiometric structure La9.33(SiO4)6O2 displayed
higher ionic conductivity due to the oxygen interstitial migration.4
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In the case of

La9.33(SiO4)6O2, the rare earth site contains cation vacancies (0.67) for charge
compensation.
UV−vis diffuse reflectance absorption spectroscopy was used to confirm the
presence of Eu3+ ions in the resultant powder. The absorption spectrum in Figure 8.13
shows the charge transfer of Eu3+ to O2- at 246 nm15 and the absorption bands 7F0→5D4
(362 nm), 7F0→5G2-6 (381 nm), 7F0→5L6 (393 nm), 7F0→5D3 (412 nm), 7F0→5D2 (462
nm), 7F0→5D1 (532 nm) and

7

F0→5D0 (588 nm) for the Eu3+ ion.16

Emission

spectroscopy was utilized to determine the valency of the europium and confirm whether
the material consists solely of Eu3+ giving a final chemical formula of NaEu9(SiO4)6O2.
The emission spectrum shown in Figure 8.14 consists of the characteristic Eu3+
transitions supporting the formula of NaEu9(SiO4)6O2. When monitored at excitation
wavelengths of 370 nm and 253 nm, emission bands peaking at 579 nm, around 580−600
nm and 605−630 nm correspond to transitions

5

D0→7F0,

5

D0→7F1,

5

D0→7F2,

respectively.33-36 The most intense emission band of Eu3+ with a maxima at 614 nm
(5D0→7F2) indicates the Eu3+ ions occupy asymmetric sites.37 This correlates with the
oxyapatite structures in which some of the Eu3+ ions would occupy the RE site with
Wyckoff of 4f and site symmetry of 3.24,26 All the characterization techniques used
demonstrated that the presented materials have an oxyapatite structure with formula
NaEu9(SiO4)6O2 and could potentially be a red emitting luminescent material.
In comparing the powder XRD patterns and emission spectra of the europium
silicate oxyapatites, Eu5(SiO4)3O and NaEu9(SiO4)6O2 (Figure 8.15) we observed
structural similarities and differences. The powder XRD patterns are consistent with the
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oxyapatite structure. Although the ionic radius of Eu2+ in Eu5(SiO4)3O is larger than Na+
in NaEu9(SiO4)6O2, the size difference is not large enough to show a noticeable shift in
the 2-theta values. The expected differences between the oxyapatite structures occur in
the emission spectra. When monitoring at an excitation wavelength of 370 nm, only the
characteristic emission transitions of Eu3+ ions are observed in the range of 679−625 nm
for NaEu9(SiO4)6O2 while only the Eu2+ transition (423 nm) is shown for the mixed
valent Eu5(SiO4)3O material. This comparison further demonstrates how Eu2+ ions
behave similarly to main group ions with similar ionic radii.
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Figure 8.13: The UV−vis diffuse reflectance absorption spectrum of NaEu9(SiO4)6O2
collected from 200−800 nm.
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Figure 8.14: Emission spectra of NaEu9(SiO4)6O2 monitoring excitation at λex = 370 nm
and 253 nm.
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Figure 8.15: The powder XRD patterns and emission spectra of NaEu9(SiO4)6O2
compared to Eu5(SiO4)3O.
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Characterization of Eu5Si2BO13
According to powder XRD results, the presented structure Eu5Si2BO13 resembles
the structure of spencite mineral which was collected by Hugh Spence in 1934 in
Ontario.38,39 Spencite, an analog of the mineral tritomite, is a yttrium, thorium, calcium
borosilicate, [Y33+(Ce, Pr, Th)4+Ca](Si2B)O12O. Tritomite is a rare cerium, calcium,
thorium borosilicate found by Weibye in 1849.38 Studies on both tritomite and spencite
indicated they are metamict (amorphous due to the loss of its crystalline structure) as a
result of radioactive thorium and no powder XRD of their natural state exists.38,39
Tritomite and spencite recrystallize to an apatite structure and a calcium borosilicate glass
when heated in air from 600−1000 °C. The powder XRD in the PDXL database is of the
heated tritomite and spencite.39 It would be rather interesting to obtain single crystal data
of Eu5Si2BO13 to compare to other apatite structures in the literature since there are no
reports of single crystals of tritomite or spencite. The heated spencite hexagonal unit cell
dimensions of a = 9.32 Å and c = 6.84 Å are smaller than reported apatite structures as a
result of the incorporation of boron. The studies on spencite suggest the composition of
the material can be written as two ways analogous to the apatite general formula of
M5X3O12Z where M = alkali, alkaline earth and rare earth metals, X = P, As, V, Si, S, B
and Z = F, Cl, OH, O.39 There are:
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Using the results of the elemental analysis in relations to the chemical formula without
the Ca2+, we are predicting the presented structure formula is Eu5Si2BO13where Eu3+
occupies two different crystallographic sites.
UV−vis diffuse reflectance absorption and emission spectroscopies were used as a
tool to confirm that Eu3+ ions were present in the resultant powder exclusively. The
absorption spectrum in Figure 8.16 shows the charge transfer of Eu3+ to O2- at 243 nm15
and the absorption bands 7F0→5D4 (362 nm), 7F0→5G2-6 (380 nm), 7F0→5L6 (392 nm),
7

F0→5D3 (413 nm), 7F0→5D2 (464 nm), 7F0→5D1 (530 nm) and 7F0→5D0 (589 nm) for

the Eu3+ ion.16 The emission spectrum shown in Figure 8.17 consists of the characteristic
Eu3+ transitions and negligible Eu2+ transitions supporting the predicted formula of
Eu5Si2BO13. When monitored at excitation wavelengths of 370 nm and 253 nm, emission
bands peaking at 578 nm, around 590−600 nm and 612 nm correspond to transitions
5

D0→7F0, 5D0→7F1, 5D0→7F2, respectively.33-36

As previously discussed, the most

intense emission band of Eu3+ with a maxima at 612 nm (5D0→7F2) indicates the Eu3+
ions occupy asymmetric sites.37

With these promising results, we look forward to

obtaining single crystals of this new spencite phase in hopes of expanding the europium
borosilicate system.
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Figure 8.16: The UV−vis diffuse reflectance absorption spectrum of Eu5Si2BO13
collected from 200−800 nm.
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Figure 8.17: Emission spectra of Eu5Si2BO13 monitoring excitation at λex = 370 nm and
253 nm.
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Conclusions
Although the europium silicate and borosilicate systems were stumbled upon
during the photoluminescence studies of europium doped borosilicates (Ba3Si2B6O16 and
NaBa2Si5BO14), several new structures were discovered within this rich system.
Europium is unique in the lanthanides in that it can exist in both the 2+ and 3+ oxidation
state and this adds to the richness of the chemistry. The structure of NaBaEuSi3O9 is
composed of isolated Si3O9 rings that connect through bonding to the cations via terminal
oxygen atoms of the silicate rings. The structure solution and the presence of Eu3+ ions
were confirmed by powder XRD and UV−vis diffuse reflectance absorption
spectroscopy. The rare earth borosilicate, Eu2SiB2O8, is built from a two dimensional
borosilicate layered framework; unfortunately, this compound was a minor phase within
the reaction and further characterization could not be obtained. Three new apatite type
structures (oxyapatite and spencite) were characterized in this chapter. The oxyapatite,
Eu5(SiO4)3O structure consists of isolated SiO4 tetrahedra and characterized by powder
XRD and absorption spectroscopy.
Despite several attempts, single crystals of NaEu9(SiO4)6O2 and the spencite
analog Eu5Si2BO13 proved to be difficult to synthesized however their microcrystalline
powders were pure and characterized by powder XRD, absorption and emission
spectroscopies. These apatite structures illustrate europium ions’ ability to substitute at an
alkali or alkaline earth metal sites. The fruitfulness of these initial findings brings
excitement to pursuing other europium silicate and borosilicate materials through
hydrothermal methods. It is expected that many new europium silicates and borosilicates
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with fascinating structures and physical properties can be discovered by varying the
starting charge ratios and reaction conditions.
Previous work has shown that rare earth silicates and borosilicates are known as
potential luminescent and ionic conductive materials with interesting properties.
Furthermore, magnetic studies on mixed valent Eu5(SiO4)3O would be interesting since
Eu2+ has different magnetic properties than Eu3+. Eu3+ ion has a 7F0 ground state with 4f6
configuration, which is diamagnetic and has a weak magnetic contribution to the
material’s response. The ground state of Eu2+ (4f7) is 8S7/2 which is half filled and
paramagnetic.

301

References
1. Antic−Fidancev, et al., J. Phys. Condens. Matter, 1994, 6, 6857−6864.
2. Rulmont, A.; Tarte, P., J. Solid State Chem. 1988, 75, 244−250.
3. Huang, et al., Chem. Mater. 2005, 17, 5743−5747.
4. Islam, et al., Chem. Commun. 2003, 13, 1486−1487.
5. Chi, et al., Acta Cryst. 1996, C52, 2385−2387.
6. Machida, et al., Inorg. Chem. 1982, 21, 1512−1519.
7. Shafer, M. W., J. Appl. Phys. 1965, 36, 1145−1152.
8. Busch, et al., Mat. Res. Bull. 1970, 5, 9−18.
9. Fleet, M. E.; Liu, X., J. Solid State Chem. 2001, 161, 166−172.
10. PDXL, The Rigaku Journal, 2010, 26, 23‒27.
11. Sheldrick, G. M., Acta Cryst. 2008, A64, 112−122.
12. Malinovskii, et al., Sov. Phys. Dokl. 1984, 29, 166−168.
13. Bondareva, et al., Kristallografiya, 1986, 31, 159−166.
14. Shannon, R. D., Acta Cryst. 1976, A32, 751−767.
15. Shen, et al., J. Phys. D: Appl. Phys. 2012, 45, 115301−115307.
16. Secu, C. E.; Polosan, S.; Secu, M. J., J. Lumin. 2011, 131, 1747−1752.
17. Zhang, J.; Li, P.; Mao, J., Dalton Trans., 2010, 39, 5301−5305.
18. Hawthorne, et al., “Crystal Chemistry of Boron” in Reviews in Mineralogy
Volume 33: Boron–Mineralogy, Petrology and Geochemistry, Grew, E. S. and
Anovitz, L. M., eds., Mineralogical Society of America: Washington, D. C., 2002,
41−116.
19. Gurbanova, O. A.; Belokoneva, E. L., Crystallogr. Rep. 2007, 52, 624−633.
20. Filatov, S. K.; Bubnova, R. S., Glass Phys. Chem. 2000, 41, 216−224.

302

21. Ghose, S.; Wan, C., Am. Mineral. 1976, 61, 123−129.
22. White, T. J.; ZhiLi, D., Acta Cryst. 2003, B57, 1−16.
23. Dordevic, et al., Acta Cryst. 2008, C64, i82−i86.
24. Sakakaura, et al., Acta Cryst. 2010, E66, i68.
25. Su, Q.; Lin, J.; Li. B., J. Alloys Compd. 1995, 225, 120−123.
26. Schroeder, L. W.; Mathew, M., J. Solid State Chem. 1978, 26, 383−387.
27. Hopkins, et al., J. Cryst. Growth, 1977, 38, 255−261.
28. Hopkins, et al., J. Cryst. Growth, 1971, 10, 218−222.
29. Xia, et al., Curr. Appl. Phys. 2010, 10, 1087−1091.
30. Zhang, Z.; Wang, Y., J. Lumin. 2008, 128, 383−386.
31. Tang, et al., J. Lumin. 2011, 131, 1101−1106.
32. Fahey, et al., J. Solid State Chem. 1985, 60, 145−158.
33. Baran, et al., J. Phys. Condens. Matter, 2013, 25, 025603-1−025603-10.
34. Reddy, et al., RSC Adv. 2012, 2, 8768−8776.
35. George, et al., Annu. Rev. Mater. Res. 2013, 43, 2.1−2.21.
36. Blasse, et al., J. Phys. Chem. Solids, 1966, 27, 1587−1592.
37. Parchur, A. K.; Ningthoujam, R. S., RSC Adv. 2012, 2, 10859−10868.
38. Frondel, C., Can. Mineral. 1961, 6, 576−581.
39. Jaffe, H. W.; Molinski, V. J., Am. Mineral. 1962, 47, 9−25.

303

CHAPTER NINE
CONCLUSIONS AND FUTURE WORK

Exploratory research in solid state chemistry plays an important role in the
discovery of new materials with enhanced performance. Metal borates are a part of those
materials of interest that have drawn particular attention due to their diverse properties of
technological importance in non−linear optics, useful in areas such as high resolution
lithography, high energy lasers, scintillators and phosphors. Traditionally, metal borates
are grown as single crystals by high temperature techniques such as Czochralski, top
seeded solution growth and flux based methods. The materials produced are often poor
quality or glasses due to the viscous nature of the borates. Hydrothermal technique
utilized in this presented work has proven to be a successful alternative crystal growth
method to grow good quality crystals and provides an efficient approach to explore and
expand the metal borate phase space.
Attempts to hydrothermally grow analogs of the well−known β−BaB2O4 (BBO)
were unsuccessful; however, they resulted in a plethora of new structures using alkali,
alkaline earth metals, and transition metals with interesting structural features. Various
hydrated structures, Ba2B7O12(OH), Sr3B6O11(OH)2 and Li2Sr8B22O41(OH)2, were
synthesized and characterized. The structure of Ba2B7O12(OH) crystallizes in a
non−centrosymmetric space group P21 and its formation is dependent on the starting
charge ratio and reaction temperature. The structure consists of building blocks that
polymerize to form complex infinite borate sheets. The structure of Sr3B6O11(OH)2
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consists of a large [B6O11(OH)2]−6 unit that polymerizes to create independent borate
chains.
Alkaline earth metals in the starting charge in the hydrothermal reaction leads to
alkaline earth containing structures, whereas alkali metals in the mineralizer usually act
as spectator ions with the exception of Li+ ion, which has a significant effect on the
chemistry, as demonstrated by Li2Sr8B22O41(OH)2. This structure is composed of
[B10O19(OH)]-9 polyborate and an isolated pyroborate group (B2O5) creating a large
framework. The mixtures of Li+ and alkaline earth cations in the borate system opened a
new phase space with fascinating crystal chemistry. Although the hydrated borate system
produced interesting structures, the ultimate goal shifted to eliminating the OH- groups
and introducing other anions, cations and oxyanions into the borate lattice in order to
induce change resulting in new NLO materials with improved properties.
Exploration in improving the thermal properties of hydrated borates began with
replacing the OH- groups with fluoride ions. The proof of concept was demonstrated with
the synthesis of non−centrosymmetric Sr3B6O11F2 which has a chemical formula similar
to centrosymmetric Sr3B6O11(OH)2, but a completely different structure type. The borate
fluoride/fluoroborate results presented in this work of Sr3B5O9(OH)2F and two tetragonal
fluoroborates, RbSr16Ca11B12O35F21 · 1/2H2O and CsSr17Ca10B12O35F21 · 1/2H2O
contained fluoride ions with structural variety but unfortunately were also hydrated.
Anhydrous borate fluoride/fluoroborate was not produced; however, the presented
structures offered new possibilities of undiscovered materials.

305

The investigation continued into synthesizing thermally stable NLO materials by
incorporating a smaller metal cation, calcium, into the borate framework. These reactions
proceeded with the idea that the smaller alkaline earth metal would form a more compact
unit cell preventing the OH- groups from becoming incorporated. Calcium containing
borate systems led to the discovery of three new phases, Li2CaB4O8, new polymorph of
Ca2B2O5, and Sr0.6Ca1.4B2O5 while exploring the LiOH−H3BO3−Ca(OH)2 and
SrCO3−HBO2−SrF2−CaCO3 phase spaces.
The structure of Li2CaB4O8 consists of a rather unique polyanion with three
interlocking rings with a triangular borate tail. The new polymorph Ca2B2O5 crystallizes
in the same space group with similar structural characteristics as the literature Ca2B2O5
structure but with different unit cell parameters causing a slightly different overall
packing within each structure. The mixing of cations of similar size (Ca and Sr) resulted
in the formation of disordered Sr0.6Ca1.4B2O5, which is a member of the literature
Ca2B2O5 and Sr2B2O5 pyroborate family. The introduction of a smaller alkaline earth
metal into the borate building block successfully prevented the incorporation of hydroxyl
groups in the structures. The materials discussed here are centrosymmetric and would not
be suitable as lasing crystals, but could potentially be great luminescent materials.
Furthermore they demonstrate proof of concept by using the smaller cations to minimize
hydroxyl formation.
In further pursuit of alternative pathways to new materials, a new family of
alkali−alkaline

earth−transition

(Li5.5Fe0.5)FeSrB12O24,

metal

(Li5.5Fe0.5)FeBaB12O24,
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hexaborates,
and

(Li5.5Fe0.5)FeCaB12O24,

(Li5.5Cr0.5)CrSrB12O24

were

discovered. This family is isostructural with known (Li5.5Fe0.5)FePbB12O24 and composed
of 1D framework of [B6O12]-6 helical chains. A structural disorder occurs between
Li+/TM with a ratio of 0.917 and 0.083 to achieve charge neutrality in the compounds.
Incorporating three different types of metal (alkali, alkaline earth, and transition metals)
into one borate structure has proven to be successful. The cation building block was
altered by adding a smaller transition metal into the borate lattice resulting in the
production of anhydrous borates with interesting structural features. These structures do
not satisfy the NLO material requirements, but they could potentially have luminescence
applications.
Due to the structural versatility in the exploration of changing the anion and
cation framework in the borate structures, continued investigation introduced
hetero−oxyanions with similar properties of borate groups to the hydrothermal reactions.
The oxyanion systems are widely known as natural minerals or glasses and have not been
synthesized using hydrothermal techniques. Several new structures of borate-phosphate, carbonates, and –silicates were isolated in this presented work. Interestingly in the case of
phosphate and carbonate species Ba11B26O44(PO4)2(OH)6 and Li9BaB15O27(CO3), the
oxyanions occurred as isolated moieties located in voids created by large complex
polyborate chains and cages. The isolated nature of the oxyanions classify these
compounds as borate-phosphate and borate-carbonate in which there are very few known
in the literature.
In the case of silicon, Ba3Si2B6O16, BaSi2BO6(OH) and NaBa2Si5BO14, the silicate
groups directly connect to the polyborate building block through common oxygen atoms.
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The borosilicates were prepared in high yield suggesting a large number of crystalline
borosilicate crystals are waiting to be discovered to compliment the vast array of known
borosilicate glasses. Borate coupled with polar oxyanions proved to be a viable route to
create unique structures through hydrothermal synthesis. These structures led to a better
understanding in designing future experiments to promote non-centrosymmetric packing
within the structures. The materials that were anhydrous and could be prepared in large
amounts are good candidates as potential phosphors useful in display devices.
Extending this work from the descriptive chemistry to include photoluminescence
studies of Eu:Ca2B2O5 and Eu:Ba3Si2B6O16 provided fundamental and practical insight
into the optical properties of these new materials. The use of hydrazine monohydrate as
the reducing agent in low amounts proved to be effective in the reduction of Eu3+ to Eu2+.
These results indicate both materials are chromatically sustainable and efficient as Eu2+
and Eu3+ emitting phosphors. The goal was to synthesis Eu2+:Ca2B2O5 and
Eu2+:Ba3Si2B6O16, but an advantage of having mixed valent europium in one material is
the ability to tune the color by exciting at different wavelengths. Key information about
the site symmetries of the europium ions in both Ca2B2O5 and Ba3Si2B6O16 structures
were also determined. Further studies are needed in fully understanding the luminescence
mechanism of these systems, particularly in doped Ca2B2O5.
During the synthesis of europium doped borates, we came across a rich chemistry
of europium silicate and borosilicate systems. Several new structures were discovered,
NaBaEuSi3O9, Eu2SiB2O8, Eu5(SiO4)3O, Eu10(SiO4)6O3 and Eu5Si2BO13. The structure of
NaBaEuSi3O9 is composed of isolated Si3O9 rings, while rare earth borosilicate
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Eu2SiB2O8 is built from a 2D borosilicate layered framework. Three of the structures are
members of the large apatite family (oxyapatite and spencite). Oxyapatite, Eu5(SiO4)3O
structure consists of isolated SiO4 tetrahedra with isolated oxides aligned along the c axis.
Single crystals of Eu10(SiO4)6O3 and Eu5Si2BO13 were not obtained, however their
microcrystalline powders were pure and characterized by powder XRD, absorption and
emission spectroscopies. These europium containing structures demonstrate the europium
ion’s ability to substitute at either an alkali or alkaline earth metal sites. The richness of
these initial findings brings excitement to pursuing other europium silicate and
borosilicate materials through hydrothermal methods.
The presented work is an effort to contribute to the crystal chemistry of metal
borates. During the exploratory synthesis, new compounds with interesting structures and
properties were produced and characterized. Hydrothermal methods offered the
capabilities of growing materials that would otherwise be difficult to synthesized using
traditional crystal growth techniques. The preliminary results show the fruitfulness of the
metal borate system and the potential they have as means to advancing the solid state
technology field.

Future Work
Many of the systems found within this dissertation work exhibit fascinating
structural features. Some of these systems could be expanded further for a more
comprehensive structure−property studies. Continued investigation into the descriptive
chemistry of the alkali−alkaline earth−transition metal system would be interesting to
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study the effect of substituting a slightly smaller Co3+ ion (0.685 Å) would have on the
crystal structure. Varying the alkaline earth metal in the Cr3+ structures could provide
more information about the structure type, particularly to see if the unexpected trend
along the a/b direction holds true.
Furthermore, the europium silicate and borosilicate project could be expanded to
include other lanthanides and measure other properties such as magnetic and scintillation.
Mixed valent Eu5(SiO4)3O could have magnetic features considering the ground state of
Eu2+ (4f7) is 8S7/2 which is half filled and paramagnetic. Extending the series of
Eu2SiB2O8 to include Nd, Sm, Gd, Tb ions would be a good descriptive exercise to
compare structural changes and determine which lanthanide gives the strongest emission
response in comparison to the known borogermanate family. Trivalent cerium and
divalent europium doped materials have been extensively used as an activator for
scintillators because of their efficient and fast energy transfer from the host lattice. Both
ions are transparent from the near IR, part of the visible to the blue and often into the near
UV making them efficient detectors. Scintillation detectors can be used to detect X−ray
and gamma rays, charged particles or neutron useful in medical diagnosis and radiation
monitoring. Determining whether the presented materials with Eu2+ or Ce3+ could
potentially be the future scintillation crystal would be of interest.
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Appendix A
Tables of Fractional Atomic Coordinates

Table A.1
Fractional Atomic Coordinates of Ba2B7O12(OH).
Atoms
Ba1
Ba2
Ba3
Ba4
B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
B13
B14
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12
O13
O14
O15

x
-0.01359 (5)
-0.47970 (5)
-0.31447 (5)
-0.15244 (5)
-0.0293 (11)
0.2761 (11)
-0.4192 (11)
-0.2924 (12)
0.0843 (11)
-0.2043 (10)
-0.3354 (11)
0.5323 (11)
0.2275 (11)
-0.5637 (11)
0.3214 (10)
0.2125 (11)
-0.0774 (11)
-0.1855 (11)
-0.1461 (7)
-0.0977 (6)
-0.0510 (7)
-0.8214 (7)
0.1858 (7)
-0.5288 (7)
-0.4002 (6)
-0.2309 (7)
-0.5103 (7)
-0.2840 (7)
0.1921 (7)
-0.1073 (7)
-0.0547 (7)
-0.6410 (7)
-0.2699 (7)

y
0.58344 (2)
0.53884 (2)
0.33093 (2)
0.80028 (2)
0.5011 (5)
0.4884 (5)
0.4968 (5)
0.9305 (5)
0.4127 (5)
0.8032 (5)
0.6873 (5)
0.6306 (5)
0.6413 (5)
0.7186 (5)
0.8272 (5)
0.6978 (5)
0.6366 (5)
0.4412 (5)
0.4958 (3)
0.5621 (3)
0.4352 (3)
0.5088 (3)
0.4625 (3)
0.4908 (3)
0.5693 (3)
0.4617 (3)
0.4539 (3)
0.8537 (3)
0.4577 (3)
0.8403 (3)
0.7600 (3)
0.2593 (3)
0.6694 (3)
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z
0.56110 (5)
0.95356 (5)
0.68497 (6)
0.77329 (6)
1.0524 (11)
0.2895 (12)
0.5059 (11)
0.4012 (12)
0.8407 (12)
0.3060 (10)
1.1712 (12)
0.4555 (11)
0.2151 (11)
0.6821 (11)
0.8421 (11)
0.9061 (12)
1.0040 (11)
0.3212 (11)
1.2069 (7)
0.9408 (6)
0.9411 (7)
1.1225 (7)
0.4278 (7)
1.3119 (7)
0.5691 (6)
0.4958 (7)
0.6357 (7)
0.4212 (7)
0.7524 (7)
0.1632 (7)
0.4218 (8)
0.7920 (7)
1.0085 (7)

sof
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.1
Fractional Atomic Coordinates of Ba2B7O12(OH) cont……..
Atoms
O16
O17
O18
O19
O20
O21
O22
O23
O24
O25
O26
H1
H2

x
-0.3538 (7)
0.3227 (6)
-0.4408 (7)
0.0310 (6)
0.3168 (7)
-0.5540 (6)
0.3062 (7)
0.2206 (7)
-0.5578 (7)
0.0130 (7)
0.1815 (7)
-0.0332
-0.4736

y
0.6348 (3)
0.6235 (3)
0.6974 (3)
0.6434 (3)
0.6612 (3)
0.7907 (3)
0.6757 (3)
0.7752 (3)
0.8744 (3)
0.6762 (3)
0.8710 (3)
0.7297
0.8606
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z
1.3003 (7)
0.3859 (7)
0.5667 (7)
0.1973 (7)
1.0711 (7)
0.7217 (7)
0.7484 (7)
0.9365 (7)
0.9746 (8)
0.8675 (7)
0.7183 (7)
0.3655
1.0188

sof
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.2
Fractional Atomic Coordinates of Sr3B6O11(OH)2.
Atoms
Sr1
Sr2
Sr3
B1
B2
B3
B4
B5
B6
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12
O13
H11
H12

x
0.43355 (6)
0.12507 (6)
0.17926 (6)
−0.3240 (7)
0.2345 (7)
−0.0384 (7)
0.1188 (7)
0.6156 (7)
0.4476 (7)
0.2590 (5)
0.5109 (4)
0.2154 (5)
0.5600 (4)
0.1893 (4)
−0.0919 (4)
0.1334 (4)
0.0421 (5)
−0.1271 (5)
0.1994 (5)
0.2307 (4)
0.5347 (5)
0.5122 (5)
−0.0254
−0.2321

y
0.62200 (5)
0.27265 (5)
0.76384 (5)
0.2364 (6)
0.0342 (6)
0.6607 (6)
0.0205 (7)
0.7800 (6)
0.1447 (6)
0.6380 (4)
0.2760 (4)
−0.0631 (4)
−0.0304 (4)
0.2497 (4)
0.0736 (4)
0.7996 (4)
0.4824 (4)
0.5841 (4)
0.1081 (4)
0.1010 (4)
0.7263 (4)
0.7277 (4)
0.3756
0.6687

314

z
0.73500 (3)
0.52178 (3)
1.02860 (3)
0.5591 (4)
0.2977 (4)
0.7715 (4)
0.7984 (4)
1.0653 (4)
0.7231 (4)
0.5214 (2)
0.6247 (2)
0.4168 (2)
0.7319 (2)
0.3089 (2)
0.7876 (2)
0.8054 (2)
0.7140 (2)
0.8811 (2)
0.9178 (2)
0.7043 (2)
0.9576 (2)
1.1641 (2)
0.7400
0.9035

sof
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.3
Fractional Atomic Coordinates of Li2Sr8B22O41(OH)2.
Atoms
Sr1
Sr2
Sr3
Sr4
Li1
B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12
O13
O14
O15
O16
O17
O18
O19
O20
O21
O22
H1

x
0.11865 (10)
0.51493 (10)
0.03967 (10)
−0.36468 (11)
0.649 (2)
0.2080 (14)
0.0611 (13)
−0.1593 (13)
−0.4730 (13)
0.6303 (13)
0.6390 (13)
0.5366 (12)
0.3226 (12)
−0.2341 (13)
−0.0381 (13)
0.1218 (12)
0.4069 (8)
0.0714 (8)
0.1495 (8)
0.1202 (8)
0.2008 (8)
−0.2632 (7)
−0.2065 (8)
0.4370 (8)
−0.4916 (7)
0.4757 (9)
0.7304 (8)
0.4277 (8)
0.6517 (8)
0.3724 (7)
0.3722 (8)
0.0967 (8)
−0.2983 (7)
−0.0243 (8)
0.7547 (8)
0.3160 (8)
0.0280 (9)
0.0000
0.4497

y
0.07341 (7)
0.38156 (7)
−0.39978 (7)
−0.02470 (7)
0.3165 (14)
−0.2926 (9)
0.3210 (9)
−0.2352 (9)
−0.2732 (8)
0.0105 (9)
0.2689 (9)
0.5556 (8)
0.3535 (8)
−0.3407 (8)
0.3195 (8)
−0.0656 (8)
−0.3270 (5)
−0.2479 (6)
−0.3072 (6)
0.3466 (6)
0.3120 (6)
−0.3247 (5)
−0.0669 (5)
−0.3633 (5)
−0.1019 (5)
0.0891 (6)
0.1367 (5)
0.2270 (5)
0.4162 (5)
0.5157 (5)
0.3408 (5)
0.3239 (5)
−0.3321 (5)
−0.3422 (6)
0.2915 (5)
−0.1023 (6)
−0.0856 (6)
0.0000
0.0778
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z
0.21942 (4)
0.10415 (4)
0.26883 (4)
0.37922 (4)
0.5258 (8)
0.0642 (6)
0.0626 (6)
0.1021 (6)
0.1790 (6)
0.1707 (6)
0.3013 (5)
0.3102 (5)
0.3785 (5)
0.4611 (5)
0.4222 (5)
0.4272 (5)
0.0843 (3)
0.1288 (3)
−0.0289 (4)
0.1499 (4)
−0.0050 (3)
0.1620 (3)
0.1174 (4)
0.2418 (3)
0.2119 (3)
0.1121 (4)
0.2436 (3)
0.3194 (3)
0.2678 (3)
0.3657 (3)
0.4764 (3)
0.3562 (3)
0.3705 (3)
0.4852 (3)
0.3997 (3)
0.4480 (4)
0.3408 (4)
0.5000
0.0426

sof
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.4
Fractional Atomic Coordinates of Sr3B5O9(OH)2F.
Atoms
Sr1
Sr2
Sr3
B1
B2
B3
B4
B5
F1
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
H10
H11

x
0.54003 (3)
0.75568 (3)
1.06641 (3)
0.4628 (4)
0.3541 (4)
0.7036 (4)
1.1555 (4)
0.7965 (4)
0.9361 (2)
0.5482 (3)
0.4305 (3)
0.4040 (3)
0.6444 (3)
0.7177 (2)
0.7069 (3)
1.2013 (3)
0.8839 (3)
1.1547 (3)
0.7449 (3)
0.8817 (3)
0.7570
0.9576

y
0.07021 (5)
0.20370 (5)
0.06006 (5)
0.2786 (6)
−0.0153 (6)
0.6083 (6)
0.1950 (6)
−0.0306 (6)
0.2620 (4)
0.1683 (4)
0.1230 (4)
0.2973 (4)
0.1348 (4)
0.4873 (4)
−0.0103 (4)
0.2326 (4)
−0.0340 (4)
0.2944 (4)
−0.0047 (4)
0.3994 (4)
−0.1055
0.4506
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z
0.84423 (4)
1.23048 (4)
1.36908 (4)
1.0145 (5)
0.5513 (5)
1.1825 (5)
1.6506 (5)
0.9315 (5)
1.2070 (3)
1.0662 (3)
0.5979 (3)
0.8787 (3)
1.3634 (3)
1.0846 (3)
0.7958 (3)
1.2792 (3)
1.3730 (3)
1.5469 (3)
1.0273 (3)
1.4487 (3)
1.0684
1.4792

sof
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.5
Fractional Atomic Coordinates of RbSr16Ca11B12O35F21∙1/2H2O.
Atoms
Sr1
Sr2
Sr4
Sr3
Ca3
Sr5
Ca1
Ca2
B1
B2
B3
O1
F1
O2
F2
O3
F3
O4
F4
O5
F5
O6
F6
O1w
Rb1

x
0.17101 (7)
−0.01850 (7)
−0.19306 (11)
0.0000
0.0000
0.0000
0.27519 (19)
−0.05616 (13)
0.0548 (10)
0.2013 (9)
−0.1277 (7)
0.2517 (9)
0.2517 (9)
0.1085 (5)
0.0000
0.1374 (5)
0.0000
0.1688 (5)
−0.0187 (8)
−0.0285 (5)
0.1027 (5)
−0.1914 (5)
−0.1451 (4)
0.069 (4)
0.5000

y
0.32899 (7)
0.21811 (7)
0.30694 (11)
0.5000
0.5000
0.0000
0.22481 (19)
0.18033 (13)
0.2291 (11)
0.2987 (9)
0.3723 (7)
0.0465 (8)
0.0465 (8)
0.2186 (5)
0.0000
0.3626 (5)
0.0000
0.2009 (5)
0.2012 (8)
0.3384 (5)
0.6027 (5)
0.3086 (5)
0.0913 (4)
0.431 (4)
0.0000
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z
0.18559 (7)
0.34528 (5)
0.5000
0.29481 (14)
0.29481 (14)
0.5000
0.0000
0.13262 (10)
0.0000
0.3704 (10)
0.1872 (7)
0.0000
0.0000
0.0697 (3)
0.3588 (8)
0.3309 (5)
0.1017 (8)
0.3921 (4)
0.5000
0.2104 (4)
0.3878 (6)
0.1454 (6)
0.2294 (3)
0.5000
0.0297 (5)

sof
0.50000
1.00000
0.25000
0.12500
0.12500
0.12500
0.25000
1.00000
0.50000
0.50000
0.50000
0.37500
0.12500
1.00000
0.25000
0.50000
0.25000
1.00000
0.50000
1.00000
0.50000
0.50000
1.00000
0.06250
0.12500

Table A.6
Fractional Atomic Coordinates of CsSr17Ca10B12O35F21∙1/2H2O.
Atoms
Sr1
Sr2
Sr4
Sr3
Sr5
Cs1
Ca1
Ca2
B1
B2
B3
O1
F1
O2
F2
O3
F3
O4
F4
O5
F5
O6
F6
O1w

x
0.17110 (6)
−0.01857 (7)
−0.19211 (11)
0.0000
0.0000
0.0000
0.27374 (17)
−0.05638 (12)
0.2308 (9)
0.2020 (8)
−0.1261 (7)
0.2483 (7)
0.2483 (7)
0.1073 (5)
0.0000
0.1368 (5)
0.0000
0.1689 (5)
−0.0176 (7)
−0.0284 (5)
0.1045 (5)
−0.1915 (5)
−0.1458 (4)
0.058 (3)

y
0.32890 (6)
0.21787 (7)
0.30789 (11)
0.5000
0.0000
0.5000
0.22626 (17)
0.17979 (12)
−0.0551 (10)
0.2980 (8)
0.3739 (7)
0.0487 (7)
0.0487 (7)
0.2198 (5)
0.0000
0.3632 (5)
0.0000
0.2006 (5)
0.2003 (8)
0.3376 (5)
0.6045 (5)
0.3085 (5)
0.0910 (4)
0.442 (3)
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z
0.18631 (6)
0.34554 (5)
0.5000
0.29600 (12)
0.5000
0.02264 (19)
0.0000
0.13275 (10)
0.0000
0.3702 (8)
0.1877 (7)
0.0000
0.0000
0.0705 (3)
0.3574 (7)
0.3303 (5)
0.1006 (7)
0.3924 (4)
0.5000
0.2087 (4)
0.3853 (6)
0.1452 (5)
0.2291 (3)
0.5000

sof
0.50000
1.00000
0.25000
0.25000
0.12500
0.12500
0.25000
1.00000
0.50000
0.50000
0.50000
0.37500
0.12500
1.00000
0.25000
0.50000
0.25000
1.00000
0.50000
1.00000
0.50000
0.50000
1.00000
0.06250

Table A.7
Fractional Atomic Coordinates of Li2CaB4O8.
Atoms
Ca1
Ca2
B1
B2
B3
B4
B5
B6
B7
B8
Li1
Li2
Li3
Li4
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12
O13
O14
O15
O16

x
0.42915 (13)
0.07162 (13)
0.2445 (7)
−0.3760 (7)
0.3455 (8)
0.7005 (8)
0.2616 (8)
0.8701 (7)
0.8606 (7)
0.2101 (7)
0.6502 (14)
1.1287 (13)
0.3889 (12)
0.1369 (14)
0.1857 (5)
0.1970 (4)
0.6668 (5)
0.6364 (4)
0.4058 (4)
−0.2300 (4)
0.1450 (4)
0.4944 (4)
0.6830 (5)
0.8530 (4)
0.3070 (5)
0.1708 (5)
0.7220 (4)
0.9138 (4)
0.6587 (4)
1.0101 (4)

y
0.62328 (11)
0.91733 (11)
0.6161 (6)
1.2611 (6)
1.1176 (6)
1.0191 (6)
0.9834 (6)
0.7553 (6)
0.5168 (6)
0.5087 (6)
0.8269 (10)
0.7440 (10)
1.2428 (10)
1.4072 (12)
0.5053 (4)
0.6231 (4)
1.2708 (4)
1.4086 (3)
1.2477 (4)
1.1197 (3)
1.1239 (4)
0.9985 (4)
1.1037 (4)
0.8629 (3)
0.9142 (4)
1.1493 (3)
0.6565 (3)
0.3479 (3)
0.5966 (4)
0.5969 (4)
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z
0.64336 (9)
0.84856 (9)
0.9867 (5)
0.8660 (5)
0.8908 (5)
0.7391 (5)
0.5110 (5)
0.6350 (5)
0.3868 (5)
1.2386 (5)
0.3820 (9)
0.3859 (8)
1.1198 (8)
0.9078 (11)
1.0989 (3)
0.8695 (3)
0.9979 (3)
0.7714 (3)
0.9096 (3)
0.8027 (3)
0.9282 (3)
0.8204 (3)
0.5995 (3)
0.7330 (3)
0.6295 (3)
0.4947 (3)
0.6993 (3)
0.4042 (3)
0.4227 (3)
0.3211 (3)

sof
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.8
Fractional Atomic Coordinates of Ca2B2O5.
Atoms
Ca1
Ca2
B1
B2
O1
O2
O3
O4
O5

x
0.2533 (11)
−0.2124 (11)
0.663 (6)
0.315 (5)
0.744 (4)
0.271 (4)
−0.219 (4)
−0.705 (3)
0.468 (5)

y
0.3043 (5)
0.5497 (5)
0.034 (3)
0.748 (3)
0.3090 (18)
0.6065 (18)
0.2349 (18)
0.4231 (18)
−0.047 (2)

320

z
0.06180 (19)
0.21019 (18)
0.1566 (12)
0.0831 (11)
−0.0144 (6)
0.1346 (6)
0.1476 (6)
0.2833 (6)
0.0986 (8)

sof
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.9
Fractional Atomic Coordinates of Sr0.6Ca1.4B2O5.
Atoms
Sr1
Ca1
B1
O1
O2
O3
O4

x
0.724 (6)
0.742 (5)
1.179 (3)
0.253 (2)
0.225 (5)
0.269 (4)
1.006 (4)

y
0.083 (5)
0.097 (4)
0.5760 (19)
0.3976 (16)
−0.185 (4)
−0.173 (4)
0.595 (2)
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z
0.3701 (14)
0.3401 (12)
0.4091 (10)
0.3331 (8)
0.4299 (15)
0.3663 (19)
0.5119 (11)

sof
0.30000
0.70000
1.00000
1.00000
0.50000
0.50000
0.50000

Table A.10
Fractional Atomic Coordinates of (Li5.5Fe0.5)FeCaB12O24.
Atoms
Ca1
Li1
Fe1
Fe2
B1
B2
O1
O2
O3
O4

x
0.0000
0.0729 (3)
0.0729 (3)
0.0000
−0.0273 (3)
−0.1997 (2)
−0.00266 (15)
−0.18861 (16)
−0.18715 (15)
0.03924 (15)

y
1.0000
1.2343 (3)
1.2343 (3)
1.0000
1.2766 (3)
0.8577 (2)
1.29376 (15)
1.09295 (16)
0.79829 (16)
0.91672 (15)
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z
0.5000
0.7502 (6)
0.7502 (6)
1.0000
0.4232 (5)
1.1983 (5)
0.6398 (3)
0.9403 (3)
1.3504 (3)
1.1880 (3)

sof
0.16667
0.91690
0.08330
0.16667
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.11
Fractional Atomic Coordinates of Ba3Si2B6O16.
Atoms
Ba1
Ba2
B1
B2
B3
Si1
O1
O2
O3
O4
O5
O6
O7
O8

x
0.5000
0.37930 (6)
0.0326 (13)
−0.0207 (11)
0.1811 (12)
0.7585 (3)
0.2992 (7)
0.0967 (7)
0.8543 (8)
0.7854 (7)
0.2214 (7)
0.1359 (7)
0.5289 (7)
0.0016 (7)

y
1.0000
1.41960 (4)
1.6943 (9)
1.0911 (8)
1.2400 (8)
1.1740 (2)
0.6772 (5)
1.2280 (5)
1.6375 (5)
1.1784 (5)
1.0268 (5)
1.0549 (5)
1.7258 (5)
1.2942 (5)
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z
0.5000
0.76661 (4)
0.5208 (7)
0.7540 (7)
0.2029 (7)
1.05938 (18)
0.5056 (5)
0.6050 (4)
0.6787 (4)
0.8669 (5)
0.8289 (5)
0.2950 (4)
0.8891 (4)
1.0840 (5)

sof
0.50000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.12
Fractional Atomic Coordinates of BaSi2BO6(OH).
Atoms
Ba1
B1
Si1
Si2
O1
O2
O3
O4
O5
O6
O7
H1

x
0.21826 (10)
0.2188 (17)
0.3256 (4)
0.2102 (4)
0.3160 (14)
0.6377 (12)
0.0004 (12)
0.2024 (12)
0.2065 (12)
0.5885 (12)
0.2288 (12)
0.6436

y
0.23544 (9)
−0.3267 (17)
−0.2160 (4)
0.2347 (4)
−0.3283 (12)
0.2044 (12)
0.2116 (12)
0.4481 (12)
−0.3317 (12)
−0.2029 (12)
0.0361 (11)
0.3256
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z
0.49564 (9)
0.7399 (17)
1.0217 (4)
0.9959 (4)
0.8786 (13)
0.4907 (12)
0.2234 (12)
0.7801 (12)
1.2821 (12)
0.9373 (12)
0.9269 (12)
0.5222

sof
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.13
Fractional Atomic Coordinates of NaBa2Si5BO14.
Atoms
Ba1
Na1
B1
Si1
Si2
O1
O2
O3
O4

x
0.69675 (2)
0.5000
1.0000
1.0000
0.51635 (10)
1.0627 (3)
0.9021 (3)
0.4996 (4)
0.6235 (3)

y
0.69675 (2)
0.5000
0.8293 (2)
0.8293 (2)
0.80266 (10)
0.7464 (3)
0.9021 (3)
0.7037 (2)
0.8940 (3)
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z
1.00509 (4)
0.7703 (3)
1.0000
1.0000
0.74114 (11)
0.8993 (3)
0.9319 (4)
0.8480 (3)
0.7884 (3)

sof
0.50000
0.25000
0.25000
0.25000
1.00000
1.00000
0.50000
1.00000
1.00000

Table A.14
Fractional Atomic Coordinates of Li9BaB15O27(CO3).
Atoms
Ba1
Li1
Li2
Li3
B1
B2
B3
C1
O1
O2
O3
O4
O5
O6

x
0.6667
0.2388 (5)
0.0000
1.3333
1.0069 (3)
1.1416 (4)
0.3310 (3)
0.0000
1.15800 (19)
1.00949 (18)
0.7078 (2)
1.24101 (12)
0.22168 (19)
0.1686 (3)

y
0.3333
−0.0546 (6)
0.0000
0.6667
0.5878 (3)
0.5708 (2)
0.1652 (3)
0.0000
0.7090 (2)
0.49752 (18)
0.15232 (19)
0.75899 (12)
−0.00236 (19)
0.08430 (17)
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z
0.2500
0.1671 (2)
0.0000
0.0040 (5)
0.10211 (15)
0.2500
0.00321 (15)
0.2500
0.06333 (9)
0.17468 (9)
0.07154 (9)
0.2500
0.04464 (9)
0.2500

sof
0.16667
1.00000
0.16667
0.33333
1.00000
0.50000
1.00000
0.16667
1.00000
1.00000
1.00000
0.50000
1.00000
0.50000

Table A.15
Fractional Atomic Coordinates of Ba11B26O44(PO4)2(OH)6.
Atoms
Ba1
Ba2
Ba3
Ba4
Ba5
Ba6
P1
B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
B13
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12
O13
O14
O15
O16
O17
O18
O19

x
0.15774 (11)
−0.13300 (11)
0.0000
−0.18541 (12)
0.48151 (11)
−0.31618 (11)
−0.3374 (4)
1.0165 (19)
0.1451 (19)
−0.652 (2)
0.4777 (19)
0.8084 (18)
−0.6675 (19)
0.2962 (18)
0.515 (2)
−0.3390 (19)
0.0238 (18)
0.156 (2)
−0.727 (2)
−0.995 (2)
0.8579 (12)
0.0831 (12)
1.1235 (13)
−0.0335 (12)
0.1871 (12)
0.2987 (12)
−0.5999 (14)
−0.5387 (12)
0.6305 (12)
−0.5237 (13)
0.2128 (11)
0.2875 (14)
0.3308 (12)
0.1113 (12)
−0.4589 (12)
−0.4579 (15)
−0.3237 (13)
−0.2089 (12)
−0.2800 (14)

y
0.17548 (5)
0.17249 (5)
0.0000
−0.02021 (6)
−0.06180 (5)
0.28001 (6)
0.1546 (2)
−0.0743 (9)
−0.0870 (10)
−0.0207 (9)
−0.1575 (11)
−0.1568 (9)
0.1888 (10)
0.0216 (10)
0.0954 (10)
−0.0333 (9)
0.4274 (9)
0.3037 (11)
0.1349 (11)
0.2047 (13)
−0.1306 (6)
−0.0639 (6)
−0.0313 (6)
−0.1358 (7)
−0.0117 (6)
−0.1558 (6)
0.0553 (6)
−0.1019 (6)
−0.1124 (6)
0.2382 (6)
0.2326 (6)
0.0927 (6)
0.0748 (6)
−0.0291 (6)
0.4532 (6)
0.3469 (8)
0.4392 (6)
−0.0232 (6)
−0.1131 (7)
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z
0.30256 (3)
0.14918 (3)
0.0000
0.41923 (3)
0.22547 (3)
0.40722 (3)
0.29724 (12)
0.2406 (5)
0.3303 (5)
0.4023 (5)
0.3517 (5)
0.3069 (5)
0.1589 (5)
0.1079 (5)
0.0428 (5)
0.1012 (5)
0.3583 (5)
0.4203 (5)
0.4440 (6)
0.4972 (6)
0.2525 (3)
0.1916 (3)
0.2799 (3)
0.3423 (3)
0.3721 (3)
0.3245 (3)
0.4357 (3)
0.4028 (3)
0.3228 (3)
0.1340 (3)
0.1955 (3)
0.1506 (3)
0.0571 (3)
0.1013 (3)
0.3824 (3)
0.4992 (4)
0.5681 (3)
0.1448 (3)
0.0664 (3)

sof
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.15
Fractional Atomic Coordinates of Ba11B26O44(PO4)2(OH)6 cont…..
Atoms
O20
O21
O22
O23
O24
O25
O26
O27
O28
O29
H16
H24
H25

x
0.0507 (12)
−0.7183 (13)
0.0159 (12)
−0.8574 (14)
−0.0404 (15)
−0.1908 (17)
−0.2189 (13)
−0.4236 (13)
−0.1945 (15)
−0.5045 (14)
−0.4835
0.0083
−0.2989

y
0.3225 (6)
0.2139 (6)
0.2865 (6)
0.1238 (7)
−0.2324 (8)
0.1542 (8)
0.1266 (7)
0.2577 (6)
0.1553 (8)
0.0870 (7)
0.2884
−0.2929
0.1748
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z
0.3717 (3)
0.4127 (3)
0.4634 (3)
0.4829 (4)
0.4475 (4)
0.4938 (4)
0.3470 (3)
0.3073 (3)
0.2514 (4)
0.2881 (4)
0.5187
0.4399
0.5215

sof
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.16
Fractional Atomic Coordinates of NaBaEuSi3O9.
Atoms
Ba1
Na1
Eu1
Si1
Si2
Si3
O1
O2
O3
O4
O5
O6
O7
O8
O9

x
0.89652 (15)
0.4252 (10)
0.88686 (12)
1.4002 (7)
0.4028 (6)
0.8961 (7)
1.6275 (17)
1.1552 (16)
1.4022 (18)
1.4126 (17)
0.1381 (16)
0.3911 (16)
0.5390 (14)
0.6473 (15)
0.9906 (15)

y
0.88248 (6)
0.2866 (4)
0.52954 (5)
0.6959 (3)
0.3479 (2)
0.4134 (2)
0.6867 (7)
0.6849 (7)
0.5957 (7)
0.8193 (6)
0.3764 (7)
0.2232 (6)
0.4390 (7)
0.4406 (6)
0.5036 (7)
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z
0.41759 (5)
0.6058 (4)
0.36223 (4)
0.3142 (2)
0.3571 (3)
0.6240 (2)
0.3887 (6)
0.3775 (7)
0.2183 (6)
0.2433 (7)
0.3161 (6)
0.4254 (6)
0.4305 (7)
0.6800 (6)
0.5380 (6)

sof
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.17
Fractional Atomic Coordinates of Eu2SiB2O8.
Atoms
Eu1
B1
Si1
O1
O2
O3
O4

x
0.13894 (3)
−0.1975 (8)
0.0000
0.1913 (5)
−0.0996 (5)
0.2181 (5)
0.0053 (4)

y
0.04486 (10)
0.524 (3)
0.4143 (9)
0.5381 (14)
0.6336 (15)
−0.2146 (15)
0.2109 (15)
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z
0.46855 (5)
0.7998 (11)
0.7500
0.5455 (7)
0.7370 (7)
0.2573 (7)
0.6075 (7)

sof
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

Table A.18
Fractional Atomic Coordinates of Eu5(SiO4)3O.
Atoms
Eu1
Eu2
Si1
O1
O2
O3
O4

x
−0.00854 (9)
0.3333
0.3695 (5)
0.4823 (14)
0.4771 (13)
0.2483 (9)
0.0000

y
0.23227 (8)
0.6667
0.3959 (5)
0.3127 (14)
0.5961 (13)
0.3373 (10)
0.0000
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z
0.2500
0.00026 (15)
0.2500
0.2500
0.2500
0.4322 (11)
0.2500

sof
0.50000
0.33333
0.50000
0.16667
0.50000
0.50000
1.00000
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